Research and development of high temperature gas bearings.  Volume 1 - Analysis and design of three gas bearings for high temperature operation by Cheng, H. et al.
N A S A  C O N T R A C T O R  
R E P O R T  
RESEARCH AND DEVELOPMENT OF 
HIGH TEMPERATURE GAS BEARINGS 
I - Analysis and Design of 
Three Gas Bearings for 
High Temperature Operation 
Prepared by 
MECHANICAL TECHNOLOGY INCORPORATED 
Latham, N. Y .  
for Lewis  Research  Center 
N A T I O N A L   A E R O N A U T I C S   A N D   S P A C E   A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C .  N O V E M B E R  19-69 _- 
.il 
.I: 
+ 
. .  
I .  
. - " ." 
https://ntrs.nasa.gov/search.jsp?R=19700002888 2020-03-12T04:45:38+00:00Z
NASA CR-1476 
RESEARCH AND DEVELOPMENT OF HIGH 
TEMPEFATUFE GAS BEARINGS 
I - Analysis  and  Design of Three Gas  Bearings 
for High Temperature  Operation 
By H. Cheng, D. Wilson,  E. B. Arwas,  and V. Castelli 
Distribution of this  report is provided  in  the  interest of . information  exchange.  Responsibility for the  contents 
resides  in  the  author or organization  that  prepared it. 
Prepared  under  Contract No. NAS 3-9433 by 
MECHANICAL TECHNOLOGY INCORSORATED 
Latharn, N.Y. 
for Lewis  Research  Center 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $3.00 
L . . ._ .. . " 
FOREWORD 
The research  described  herein,  which  was  conducted  by  Mechanical 
Technology  Incorporated under NASA Contract NAS 3-9433,  was  performed 
under the project management of Mr. Henry B. Tryon, Space Power Systems 
Division, NASA Lewis Research Center. The report was originally issued 
as Mechanical  Technology  Incorporated  Report MTI-69TFt21, volume I. 
iii 

___ - 
TABLE  OF  CONTENTS 
Page 
vi  i 
viii 
xi 
1 
3 
3 
4 
5 
7 
9 
10 
12 
13 
15 
16 
16 
18 
18 
19 
19 
20 
21 
24 
25 
25 
25 
25 
" 
3 
28 
29 
31 
31 
-V- 
Table of  Contents  (Cont 'd)  
APPENDIX A - TRANSIENT  HERMAL  ANALYSIS  OF A SIMPLIFIED ROTOR- 
BEARING SYSTEM _--_-_-_____-_-__-____________I______ 
APPENDIX B - DISTORTED TILTING PAD  PEWORMANCE --I--------------- 
APPENDIX C - ANALYSIS OF MULTI-FOIL,JOURNAL BEARING -------------- 
FIGURES 
REFERENCES 
Page 
32 
33 
33 
33 
33 
34 
35 
38 
38 
38 
40 
41 
4 1  
4 1  
42 
42 
42 
43 
43 
44 
46 
46 
48 
52 
5 7  
58 
59 
6 1  
69 
79 
-vi- 
TABLE 1 
TABLE 2 
Input  Data  for  T i l t ing  Pad Journal Bearing Runs 
Input Data for Foil Journal Bearing Runs 
Pane 
59 
60 
-vi i- . 
LIST OF FIGURES 
F i g .  1 
F i g .  2 
F i g .  3 
F i g .  4 
F i g .  5 
F i g .  6 
F i g .  7 
F i g .  8 
F i g .  9 
F i g .  10 
F i g .  11 
F i g .  12 
F i g .  13 
F i g .  14 
F i g .  15 
F i g .  16 
F i g .  1 7  
F i g .  18 
F i g .   1 9  
F i g .  20 
Axial F i l m  T h i c k n e s s  D i s t r i b u t i o n s  f o r  T h e r m a l l y  D i s t o r t e d  T i l t i n g  
P a d  J o u r n a l  B e a r i n g s ,  ( c a s e  A, p = 5 p s i a ) .  
a 
A x i a l  F i l m  T h i c k n e s s  D i s t r i b u t i o n s  f o r  T h e r m a l l y  D i s t o r t e d  T i l t i n g  
P a d  J o u r n a l  B e a r i n g ,  ( c a s e  B, pa = 15 p s i a ) .  
H e r r i n g b o n e  J o u r n a l  B e a r i n g  A x i a l  F i l m  T h i c k n e s s  D i s t r i b u t i o n  a t  
e = 0. 
H y d r o s t a t i c a l  M o u n t e d  C y l i n d r i c a l  A x i a l  F i l m  T h i c k n e s s  D i s t r i b u t i o n  
a t  8 = 0. 
T r a j e c t o r y  of t h e  J o u r n a l  C e n t e r  f o r  H e r r i n g b o n e  J o u r n a l  B e a r i n g  
u n d e r  T h e r m a l l y  D i s t o r t e d  S u r f a c e s .  
E f f e c t   o f   / k   o n   L o a d   C a p a c i t y   o f   S p i r a l   G r o o v e   T h r u s t   B e a r i n g .  
L i f t i n g  S p e e d  v s  A m b i e n t  P r e s s u r e .  
D i m e n s i o n s  a n d  T h e r m a l  B o u n d a r y  C o n d i t i o n s  f o r  C a l c u l a t i n g  t h e  
T r a n s i e n t  T e m p e r a t u r e  o f  a Typ ica l  Turbo-Compresso r  Mode l .  
T r a n s i e n t  T e m p e r a t u r e  D i s t r i b u t i o n s  o f  t h e  S h a f t .  
A x i a l  T e m p e r a t u r e  D i s t r i b u t i o n s  o f  t h e  S h a f t  a n d  t h e  P a d ,  T u r b i n e  
End. 
A x i a l  T e m p e r a t u r e  D i s t r i b u t i o n s  o f  t h e  S h a f t  a n d  t h e  P a d ,  C o m p r e s s o r  
End. 
R a d i a l  T e m p e r a t u r e  D i s t r i b u t i o n  o f  t h e  S h a f t  a n d  t h e  T h r a s t  B e a r i n g .  
R a d i a l  T e m p e r a t u r e  D i s t r i b u t i o n s  of t h e  S h a f t  a n d  t h e  T h r u s t  
B e a r i n g  . 
T r a n s i e n t  T e m p e r a t u r e  D i s t r i b u t i o n s  o f  t h e  S h a f t .  
T r a n s i e n t  T e m p e r a t u r e  D i s t r i b u t i o n s  o f  t h e  S h a f t .  
D e t a i l e d  D e s i g n  o f  t h e  F o i l - S u p p o r t e d ,  T i l t i n g - P a d  J o u r n a l  B e a r i n g .  
P e r f o r m a n c e  o f  T i l t i n g  P a d  J o u r n a l  B e a r i n g ,  C a s e  A .  
P e r f o r m a n c e  o f  T i l t i n g  P a d  J o u r n a l  B e a r i n g ,  C a s e  A .  
P e r f o r m a n c e  o f  T i l t i n g  P a d  J o u r n a l  B e a r i n g ,  C a s e  B .  
P e r f o r m a n c e  o f  T i l t i n g  P a d  J o u r n a l  B e a r i n g ,  C a s e  B .  
-vi i i- 
. 
LIST OF FIGURES ( c o n ' t . )  
F i g .   2 1  
F i g .  22 
F i g .  23 
F i g .  24 
Fig .  25 
F i g .  26 
F i g .  27 
F i g .  28 
F i g .  29 
F i g .  30 
F i g .  31 
F i g .  32 
F i g .  33 
F i g .  34 
F i g .  35 
F i g .  36 
F i g .  37 
F i g .  38 
F i g .  39 
F i g .  4 0  
F i g .  4 1  
F i g .  42 
F i g .  4 3  
F i g .  4 4  
Performance  of  Ti l t ing  Pad  Journa l  Bear ing ,  Case  C.  
Performance.  of  Ti l t ing Pad Journal  Bearing,  Case C .  
Per formance  of  Ti l t ing  Pad  Journa l  Bear ing ,  Case  D. 
Per formance  of  Ti l t ing  Pad Journal  Bearing,  Case D. 
Per formance  of  Ti l t ing  Pad Journal  Bearing,  Case E. 
Per formance  of  Ti l t ing  Pad Journal  Bearing,  Case E. 
Performance of T i l t i n g  Pad Journa l  Bear ing ,  Case  F. 
Performance of T i l t i n g  Pad Journal  Bearing,  Case G .  
Performance of T i l t i n g  Pad Journal  Bearing,  Caae G .  
Performance of T i l t i n g  Pad Journal  Bearing,  Case H .  
Per formance  of  Ti l t ing  Pad Journa l  Bear ing ,  Case  H .  
Pe r fo rmance  o f  T i l t i ng  Pad Journal  Bearing,  Case I .  
Per formance  of  Ti l t ing  Pad Journa l  Bear ing ,  Case  1. 
Performance  of  Ti l t ing  Pad Journa l  Bear ing ,  Case  J .  
Performance of T i l t i n g  Pad Journal  Bearing,  Case J .  
Per formance  of  Ti l t ing  Pad Journal  Bearing,  Case K. 
Typical Coning and Crowning Temperature Distributions.  
Reduction of Pivot and Minimum Film Thicknesses Due t o  
Crowning  of t h e  S h a f t .  
Reduct ion of  Pivot  and Minimum Film Thicknesses Due t o  
Coning of  the Shaft .  
Deta i led  Des ign  of  the  Foi l  Journa l  Bear ing .  
Per formance  of  Foi l  Journa l  Bear ing ,  Case  A .  
Performance of  Foi l  Journal  Bearing,  Case B .  
Per formance  of  Foi l  Journa l  Bear ing ,  Case  C .  
Per formance  of  Foi l  Journa l  Bear ings ,  Case  D. 
- ix - 
LIST OF FIGURES ( c o n ' t . )  
F i g .  45 
F i g .  46 
F i g .  47 
F i g .  48 
F i g .  49 
F i g .  50 
F i g .  5i 
F i g .  52 
F i g .  53 ( a )  
F i g .  53 (b) 
F i g .  54 
F i g .  55 
F i g .  56 
F i g .  57 
F i g .  58 
F i g .  59 
F i g .   6 0  
F i g .   6 1  
F i g .   6 2  
F i g .  63 
P i g .  64  
F i g .  65 
P i g .  66 
F i g .  67 
P e r f o r m a n c e  o f  F o i l  J o u r n a l  B e a r i n g ,  C a s e  E .  
P e r f o r m a n c e  o f  F o i l  J o u r n a l  B e a r i n g ,  C a s e  F. 
P e r f o r m a n c e  o f  F o i l  J o u r n a l  B e a r i n g ,  C a s e  G .  
P e r f o r r n a ' n c e  o f  F o i l  J o u r n a l  B e a r i n g ,  C a s e  H .  
P e r f o r m a n c e  of F o i l  J o u r n a l  B e a r i n g ,  C a s e  I .  
P e r f o r m a n c e  o f  F o i l  J o u r n a l  B e a r i n g ,  C a s e  J. 
P e r f o r m a n c e  o f  F o i l  J o u r n a l  B e a r i n g ,  C a s e  K. 
p e r f o r m a n c e  o f  F o i l  J o u r n a l  B e a r i n g ,  C a s e  L. 
S e c t i o n a l  V i e w  of t h e  F l e x i b l y - M o u n t e d  T h r u s t  B e a r i n g  
End V i e w  of t h e  F l e x i b l y - M o u n t e d  T h r u s c  B e a r i n g  
Normal i zed  Load  Capac i ty  of T h r u s t  P l a t e  
C u r v a t u r e  I n d e x  Vs D i s t o r t i o n  P a r a m e t e r  
Load R a t i o  v s  C u r v a t u r e  I n d e x  
L o a d  R a t i o  v s  C u r v a t u r e  I n d e x  
Power LOSS Rat io  v8 C u r v a t u r e  I n d e x  
Power Loss R a t i o  vs C u r v a t u r e  I n d e x  
Load C u r v e s  f o r  T h r u s t  B e a r i n g ,  N = 50,000 RPM 
Load C u r v e s  f o r  T h r u s t  B e a r i n g ,  N = 30,000 RPM 
Load C u r v e s  f o r  T h r u s t  B e a r i n g ,  N = 10 ,000  BPM 
S t i f f n e s s  C u r v e s  for T h r u s t  B e a r i n g ,  N = 50,000 RPM 
S t i f f n e s s  C u r v e s  f o r  T h r u s t  B e a r i n g ,  N = 30,000 RPM 
S t i f f n e s s  C u r v e s  f o r  T h r u s t  B e a r i n g ,  N = 10,0@0 RPM 
Power Loss C u r v e s  f o r  T h r u s t  B e a r i n g  
Power Loss C u r v e s  f o r  T h r u s t  B e a r i n g  
-X- 
C 
D 
d 
FHP 
f 
h 
h m i  n 
hO 
h 
P 
J 
K 
K P 
k 
z 
a 
N 
N 
P 
NR 
Pa 
q" 
NOMENCLATURE 
R a d i a l   C l e a r a n c e ,   i n c h e s .  
J o u r n a l  b e a r i n g  d i e m e t e r ,  i n c h e s .  
T h r u s t   p l a t e   t h i c k n e s s ,   i n c h e s .  
F r i c t i o n  H o r s e p o w e r ,  HP. 
Radio  of a c t u a l  f r i c t i o n  power loss i n  t h r u s t  b e a r i n g  t o  c o u e t t e  
power l o s s .  
F i l m   t h i c k n e s s ,   i n c h e s .  
Minimum F i l m  T h i c k n e s s ,  i n c h e s .  
T h r u s t  b e a r i n g  f i l m  t h i c k n e s s ,  n e g l e c t i n g  d i s t o r t i o n  e f f e c t ,  
i n c h e s  
P i v o t   p o i n t  f i l m  t h i c k n e s s ,   i n c h e s .  
C o n v e r s i o n  f a c t o r ,  t h e r m a l  t o  m e c h a n i c a l  e n e r g y  u n i t e  J - 
9336 i n  Ibs 
BTU 
S t i f f n e s s ,   l b e J i n c h   ( u s e d   a l s o   t o   d e n o t e   d i m e n e i o n l e s t a   c u r v a t u r e  
a s  de f i n e d  on Page  47) . 
A n g u l a r   s t i f f n e s s   i n   t h e   p i t c h   d i r e c t i o n ,   i n .   l b s / r a d i a n .  
A n g u l a r   s t i f f n e s e   i n   t h e   r o l l   d i r e c t i o n ,   i n .   l b s / r a d i a n .  
F o i l  b e a r i n g  s t i f f n e s a ,  l b s / i n c h .  
T h e r m a l   c o n d u c t i v i t y ,   B T U / i n .  sec. F. 0 
L e n g t h   o f   j o u r n a l   b e a r i n g ,   i n c h e s .  
L e n g t h ,   i n c h e s .  
A n g u l a r  speed, RPS. 
Pad . n a t u r a l   f r e q u e n c y  in p i t c h ,  RPS. 
P a d   n a t u r a . 1   f r e q u e n c y   i n   r o l l ,  RPS. 
A m b i e n t  p r e s s u r e  , p i a .  
H e a t   f l u x ,  BTU/sec. 
-xi- 
f 
' I  
R 
Ri 
RO 
r 
1: i 
r 
T 
0 
t 
W 
wO 
- 
W 
A 
6 
J o u r n a l   b e a r i n g   r a d i u s ,   i n c h e s .   ( A l s o   u s e d   t o   d e n o t e   r a d i u s  
o f  c u r v a t u r e  of t h e r m a l l y  d i s t o r t e d  t h r u s t  p l a t e ,  i n c h e s ,  a s  
shown on Page 4 6 ) .  
I n s i d e  r a d i u s  o f  t h r u s t  b e a r i n g ,  i n c h e s .  
O u t s i d e  r a d i u s  o f  t h r u s t  b e a r i n g ,  i n c h e s .  
R a d i u s ,   i n c h e s .  
I n s i d e   r a d i u s   o f   s h a f t ,   i n c h e s .  
O u t s i d e   r a d i u s   o f   s h a f t ,   i n c h e s ,  
Tempera tu re  , F . 0 
T h i c k n e s s ,   i n c h e s .  
L o a d ,  l b s  . 
Load c a p a c i t y  o f  t h r u s t  b e a r i n g  n e g l e c t i n g  t h e r m a l  d i s t o r t i o n  
e f f e c t s ,   l b s .  
D i m e n s i o n l e s s  1 a d  c a  a c i t y  o f  t h r u s t  b e a r i n g ,  W = 
- 
W[TT 'Pa  ' (Ro 9 - Ri B 13 
C o o r d i n a t e s ,   i n c h e s .  
T h e r m a l   e x p a n s i o n   c o e f f i c i e n t ,   i n / i n .  F. 0 
N o r m a l i z e d  d i s t o r t i o n  p a r a m e t e r  d e f i n e d  o n  P a g e  47. 
G r o o v e   d e p t h ,   i n c h e s .  
A n g u l a r   c o o r d i n a t e ,   r a d i a n s .  
T h r u s t   b e a r i n g   c o m p r e s s i b i l i t y   n u m b e r ,  - 
A b s o l u t e   v i s c o s i t y ,   l b * s e c / i n  . 2 
Time ,   s econds .  
A t t i t u d e   a n g l e ,   r a d i a n s .   ( A l s o   u s e d   t o   d e n o t e   h e a t   f l o w  
f a c t o r  d e f i n e d  o n  P a g e  50).  
w A n g u l a r   v e l o c i t y ,   r a d i a n s / s e c o n d .  
-xii- 
I. INTRODUCTION 
The a b i l i t y  o f  g a s - l u b r i - a t e d  b e a r i n g s  t o  o p e r a t e  a t  e l e v a t e d  t e m p e r a t u r e s  i s  
a n  i m p o r t a n t  a t t r i b u t e  t o  t h e i r  u t i l i z a t i o n  i n  B r a y t o n  C y c l e  m a c h i n e r y  f o r  d y n a m i c  
power c o n v e r s i o n  i n  s p a c e  v e h i c l e s ,  as w e l l  as i n  o t h e r  h i g h - s p e e d ,  h i g h - t e m p e r a t u r e  
r o t a t i n g   m a c h i n e r y .   S i n c e   t h e   c y c l e   g a s   i t s e l f   s e r v e s  as  t h e   l u b r i c a n t ,   t h e r e  
shou ld  be ,  n e g l e c t i n g  d i s t o r t i o n ,  no i n h e r e n t  limit o n  t h e  o p e r a t i n g  t e m p e r a t u r e  
of t h e   b e a r i n g s ,   s u c h  as e x i s t s  where o i l   l u b r i c a t e d   b e a r i n g s  are u s e d .   F u r t h e r -  
m o r e ,   s i n c e   t h e   v i s c o s i t y   o f   g a s e s   i n c r e a s e s   w i t h   t e m p e r a t u r e ,  so d o e s   t h e  
t h e o r e t i c a l l y  a c h i e v a b l e  l o a d  c a p a c i t y  o f  s e l f - a c t i n g  ( h y d r o d y n a m i c )  g a s -  
l u b r i c a t e d  b e a r i n g s .  
To d a t e   l i m i t e d   a d v a n t a g e   h a s   b e e n   t a k e n  of t h l s   p r o p e r t y .  The g a s   b e a r i n g s  
o f  t h e  c u r r e n t  g e n e r a t i o n  of  Brayton  Cycle  ma:hines a re  designed t o  o p e r a t e  a t  
modera t e   t empera tu res   (gene ra l ly   equa l  t o  o r  l e s s  t h a n  500 F)  and ,  more s i g n i f i -  
c a n t l y ,   i n  a nea r   i so the rma l   env i ronmen t .  To do  t h l s ,  t h e   b e a r i n g   l o c a t i o n s  
may have  to  be  o the r  t han  op t imum f rom load  sha r ing  and  ro to r -bea r ing  dynamics  
s t a n d p o i n t s .   C e r t a i n   d e s i g n   c o m p l e x i t i e s ,   s u c h  as t h e   u s e   o f   h e a t  dams,  thermal 
s h u n t s  a n d  l o c a l  h e a t  e x c h a n g e r s  h a v e  t o  b e  r e s o r t e d  t o  i n  o r d e r  t o  c o n t r o l  
t h e   t e m p e r a t u r e   d i s t r i b u t i o n  a t  t h e   b e a r i n g   l o c a t i o n s .   L i q u i d  or  g a s   c o o l i n g  
o f  t h e  b e a r i n g s  h a s  t o  b e  u s e d ,  w i t h  a consequent   lower ing  of the  thermodynamic 
e f f i c i e n c y   o f   t h e   s y s t e m .  
The p r e - r e q u i s i t e s   f o r   s u c c e s s f u l   d e v e l o p m e n t  of uncoo led ,   h igh   t empera tu re   gas  
b e a r i n g s   w h i c h ,   i n   t h e   i n t e r e s t   o f   i m p r o v e d   m a c h i n e   d e s i g n  and  thermodynamic 
e f f i c i e n c y ,  w i l l  be  used i n  f u t u r e  compact  Brayton  Cycle  ma.chines  comprise: 
(a) g a s  b e a r i n g  d e s i g n s  t h a t  c a n  t o l e r a t e  l a r g e  t e m p e r a t - J r e  g r a d i e n t s  
w i t h  minimum d i s t o r t i o n s  a n d  w i t h o u t  s u f f e r i n g  a p p r e c i a b l e  l o s s  of  
l o a d  c a p a c i t y  o r  o t h e r  s t a t i c  and  dynamic c h a r a c t e r i s t i c s ,  and 
( b )   b e a r i n g   s u r f a c e  mater ia ls  o r  c o a t i n g s  t h a t  h a v e  t h e  d e s i r e d  
c o m p a b i l i t i e s  a t  e l e v a t e d   t e m p e r a t u r e s .  
The t e c h n o l o g y   p r o g r a m   r e p o r t e d   i n   t h i s   t w o - v o l u m e   f i n a l   r e p o r t  was in t ended  t o  
a r r i v e  a t  b e a r i n g  d e s i g n s  a n d  s u r f a c e  mater ia ls  o r  c o a t i n g s  t h a t  s a t i s f y  ttiese 
two p r e - r e q u i s i t e s .  
L. 
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The a n a l y t i c a l  and d e s i g n  p h a s e  o f  t h e  p r o g r a m  c o m p r i s e d  t h e  s e l e c t i o n ,  a n a l y s i s  
and  des ign  of  two j o u r n a l  a n d  o n e  t h r u s t  b e a r i n g  c o n f i g u r a t i o n s  t h a t  h a v e  h i g h  
p o t e n t i a l  f o r  o p e r a t i n g ,  w i t h o u t  e x t e r n a l  c o o l i n g ,  i n  a . h i g h  t e m p e r a t u r e ,  
n o n - i s o t h e r m a l   e n v i r o n m e n t .   T h e   s e l e c t i o n   o f   t h e   b e a r i n g   c o n f i g u r a t i o n s  was made 
i n  a n  e a r l i e r  t a s k  of the program, based on a s c r e e n i n g  a n a l y s i s  o f  v a r i o u s  
g a s   b e a r i n g   t y p e s ,  and i t  i s  r e p o r t e d   i n   R e f .  1. The d e t a i l e d   a n a l y s i s  and 
d e s i g n  o f  t h e  s e l e c t e d  b e a r i n g  t y p e s  i s  g i v e n  i n  t h i s  vo lume  o f  t he  f ina l  r epor t .  
Layout   drawings  and  mater ia ls  l i s t s  f o r  t h e  s e l e c t e d  b e a r i n g  c o n f i g u r a t i o n s  
were   s epa ra t e ly   p repa red  and i s s u e d  t o  & h e  PIASA. 
The para l le l  exper imenta l  phase  of  the  program compr ised  se lec t ior r  and  t e s t  of 
b e a r i n g   m a t e r i a l s   a n d   s u r f a c e   c o a t i n g s .   I n   t h i s   p h a s e ,   t h r e e   c o m b i n a t i o n s   o f  
s t r u c t u r a l  s u b s t r a t e  m a t e r i a l s  a n d  s u r f a c e  c o a t i n g s  w e r e  s e l e c t e d  f o r  e v a l u a t i o n  
a t  900F. S i m i l a r l y ,  a second set o f   t h r e e   b e a r i n g   m a t e r i a l s  and s u r f a c e   c o a t i n g s  
were   s e l ec t ed  f o r  e v a l u a t i o n   a t  1400F. The s e l e c t i o n  of t h e  m a t e r i a l s  was based 
on a s t u d y  of  t h e  l i t e r a t u r e  and of  t h e   r e s u l t s   o f   r e l a t e d   p r o g r a m s .  The 
s e l e c t e d  m a t e r i a l s  and s u r f a c e  c o a t i n g s  c o m b i n a t i o n s  wsre e x p e r i m e n t a l l y  
e v a l u a t e d  a t  900 and a t  1400F, i n  b o t h  a journa l -pad   and  a s p i r a l - g r o o v e d  t h r u s t -  
b e a r i n g  c o n f i g u r a t i o n s ,  u n d e r  s t a r t - s t o p  and h igh-speed   rub  t e s t  c o n d i t i o n s .  
The r e s u l t s  of t h e  m a t e r i a l s  i n v e v t i g a t i o n  is r e p o r t e d  i n  t h e  s e c o n d  volume 
o f  t h i s  f i n a l  r e p o r t .  
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- .  2  SUMMARLCONCLUS "" - IONS AND RECOMMENDATIONS 
2 .1  Summary 
I n  summary, t h e  w o r k  c o n d u c t e d  d u r i n g  t h e  a n a l y t i c a l  and des ign   phase   o f   the  
technology  program on h igh - t empera tu re ,   s e l f - ac t ing   (hydrodynamic ) ,   gas - lub r i ca t ed  
bear ings  for  Brayton  Cycle  machinery  which  i s  r e p o r t e d  i n  t h i s  f i r s t  volume  of 
t h e  f i n a l  r e p o r t  c o m p r i s e d :  
1. A s c r e e n i n g   a n a l y s i s   o f   s e v e r a l   j o u r n a l  and t h r u s t   b e a r i n g s   f r o m   t h e  
s t a n d p o i n t  o f  t h e i r  r e l a t i v e  merits f o r  o p e r a t i o n  w i t h o u t  e x t e r n a l  
c o o l i n g  i n  a h igh  t empera tu re ,  non- i so the rma l  env i ronmen t  In  compac t ,  
h igh - speed   ro t a t ing   mach ine ry .   Th i s   s c reen ing   s tudy   l ed  t o  t h e   s e l e c t i o n  
o f   one   " r ig id"   su r f ace   j ou rna l   bea r ing   concep t ,   one   t f confo rmab le"  
s u r f a c e  j o u r n a l  b e a r i n g  c o n c e p t  and  one t h r u s t  b e a r i n g  c o n c e p t  f o r  
d e t a i l e d  d e s i g n  and a n a l y s i s .  
2 .  Design of t h e  s e l e c t e d  b e a r i n g  c o n c e p t s ,  i n c l u d i n g  p r e p a r a t i o n  of a 
d e t a i l e d   l a y o u t   d r a w i n g  and m a t e r i a l s  l i s t  fo r   eacn   concep t .   These  
layout   d rawings  and m a t e r i a l s  l i s t  h a v e  b e e n  s e p a r a t e l y  i s s u e d  t o  t h e  
NASA. 
3 .  D e t a i l e d  a n a l y s i s  and  computation  of  the  performance o f  t h e   s e l e c t e d  
b e a r i n g  c o n c e p t s ,  i n  a h igh   tempera ture   non- i so thermai   envi ronment  
and i n c l u d i n g  t h e  i n f l u e n c e   o f   t h e r m a l   d i s t o r t i o n s ,   f o r  a s p e c i f i e d  
r ange  of o p e r a t i n g  c o n d i t i o n s .  
The ma te r i a l s   phase  of the   p rogram,   which   has   been   separa te ly   repor ted  i n  t he  
second  volume  of t h i s  f i n a l  r e p o r t ,  c o m p r i s e d :  
1. A r ev iew of t h e  l i t e r a t u r e  and  of r e l a t e d   p r o g r a m s ,   l e a d i n g   t o   t h e  
s e l e c t i o n  o f  t h r e e  c o m b i n a t i o n s  of s u b s t r a t e  m a t e r i a l s  and s u r f a c e  
c o a t i n g s  s u i t a b l e  f o r  u s e  i n  g a s - l u b r i c a t e d  b e a r i n g s  o p e r a t i n g  i n  an 
i n e r t  g a s  e n v i r o n m e n t  a t  t e m p e r a t u r e s  up t o  900 F ,  and  of a s i m i l a r  
s e t  o f  s u b s t r a t e  m a t e r i a l s  and s u r f a c e  c o a t i n g  c o m b i n a t i o n s  t h a t  a r e  
s u i t a b l e  f o r  o p e r a t i o n  i n  a n  i n e r t  g a s  e n v i r o n m e n t  a t  u p  t o  1400 F .  
3 
2. E x p e r i m e n t a l   e v a l u a t i o n   o f   t h e   s e l e c t e d  materials combina t ions  a t  t h e i r  
a p p r o p r i a t e  maximum o p e r a t i n g  t e m p e r a t u r e  l e v e l s  ( S O 0  F f o r  t h e  f i r s t  
t h ree   combina t ions   and  1400 F f o r   t h e   s e c o n d   t h r e e ) .   T h e s e   c o n s i s t e d  
o f  a s p e c i f i e d  set o f  t e s t  c o n d i t i o n s  t h a t  i n c l u d e d  s t a r t - s t o p  r u b  
tes ts  and  high  speed  impact   rub tes ts .  I n   e a c h   c a s e   t h e  tes ts  were 
conducted  wi th  a jou rna l  bea r ing  pad  geomet ry  and  r epea ted  wi th  a 
s p i r a l  g r o o v e d  t h r u s t  b e a r i n g  c o n f i g u r a t i o n .  
2 . 2  S e l e c t e d  B e a r i n g  Types 
The t h r e e  b e a r i n g  c o n c e p t s  s e l e c t e d  f r o m  t h e  s c r e e n i n g  s t u d y  were a s  f o l l o w s :  
. " R i g i d "  S u r f a c e  J o u r n a l  B e a r i n g  C o n c e p t :  F o i l  S u p p o r t e d  T i l t i n g  Pad Bea r ing  
. "Confo rmab le"   Su r face   Jou rna l   Bea r ing   Concep t :   Fo i l   Bea r ing   w i th   Var i ab le  
P re load  
. Thrus t  Bear ing  Concept :  Hel ica l  Grooved Thrus t  Bear ing  wi th  F lexure  
S u p p o r t e d  S t a t o r  
The s c r e e n i n g  s t u d y  t h a t  l e d  t o  t h i s  s e l e c t i o n  i s  d e s c r i b e d  i n  R e f .  1 and a 
summary o f  i t s  f i n d i n g s  i s  g i v e n   i n   S e c t i o n  3 o f  t h i s  r e p o r t .  It i s  d e s i r a b l e  
t o  n o t e  h e r e ,  h o w e v e r ,  t h a t  t h e  s e l e t t i o n  o f  t h e  b e a r i n g s  l i s t e d  a b o v e  i s  n o t  
i n t e n d e d  t o  i m p l y  t h a t  t h e s e  a r e  t h e  o n l y  a p p r o p r i a t e  h i g h  t e m p e r a t u r e ,  n o n -  
isctb.erma!. g a s  b e a r i n g  c o n c e p t s .  S i n c e  o n l y  o n e  t y p e  was c h o s e n  i n  e a c h  c a t e g o r y  
f o r  d e t a i l e d  a n a l y s i s ,  t h e  s e l e c t i o n  was based  on  compara t ive  per formance  ca l -  
c u l a t i o n s  f o r  s e v e r a l  b e a r i n g  t y p e s ,  w h i c h  were made a s suming  ve ry  seve re  
t h e r m a l  g r a d i e n t s  i n  t h e  b e a r i n g  r o t o r  a n d  s t a t o r  e l e m e n t s .  
I n  p a r t i c u l a r ,  i n  t h e  c a s e  o f  t h e  r i g i d  s u r f a c e  j o u r n a l  b e a r i n g ,  t h e  t i l t i n g  
pad -bea r ing  was s e l e c t e d  o v e r  o t h e r  p r o m i s i n g  b e a r i n g  t y p e s ,  t h a t  i n c l u d e d  t h e  
he r r ingbone   g rooved   bea r ing .   Th i s   was   done   p r imar i ly   on   t he  basis  of  t h e  
compara t ive  to l e rance  o f  each  o f  t hese  two b e a r i n g  c o n c e p t s  t o  e x t r e m e l y  
s e v e r e   a x i a l   t h e r m a l   g r a d i e n t s .   I n   t h e   p r e s e n c e  o f  t h e s e   g r a d i e n t s ,   t h e  
t i l t i n g  pad b e a r i n g  ( b y  v i r t u e  o f  t h e  a b i l i t y  o f  t h e  p a d s  i n d i v i d u a l l y  t o  r o l l  
s o  a s  t o  m a i n t a i n  near p a r a l l e l i s m  w i t h  a t h e r m a l l y  c o n e d  r o t o r )  was  hown 
t o  s u f f e r  much s m a l l e r  loss  o f  f i l m  t h i c k n e s s  t h a n  t h e  f u l l  c y l i n d r i c a l ,  
h e r r i n g b o n e   g r o o v e d   s l e e v e   b e a r i n g .   T h i s   l a t t e r   b e a r i n g ,   h o w e v e r ,   h a s   c e r t a i n  
a d v a n t a g e s  p r i m a r i l y  f r o m  t h e  s t a n d p o i n t  o f  s i m p l i c i t y  ( a s  i t  i s  o f  s i n g l e  p i e c e  
c o n s t r u c t i o n  a n d  d o e s  n o t  r e q u i r e  a complex   suppor t   sys tem)   tha t  make i t  a n  
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a t t r a c t i v e   b a c k - u p   b e a r i n g   c o n c e p t .   T h i s  i s  p a r t i c u l a r l y  t r u e  i n  c a s e s  w h e r e  t h e  
t h e r m a l  g r a d i e n t s  are less s e v e r e   t h a n   t h o s e   u s e d   i n   t h e   s c r e e n i n g   s t u d y .  
2.3 P r i n c i p a l  C o n c l u s i o n s  
Gas b e a r i n g  d e s i g n s  t h a t  h a v e  h i g h  t o l e r a n c e  o f  t h e r m a l  g r a d i e n t s ,  so  t h a t  t h e y  
can  ope ra t e  wi thou t  coo l ing  in  compac t  Bray ton  Cyc le  tu rbomach ine ry ,  appea r  t o  be  
e n t i r e l y   f e a s i b l e .   S p e c i f i c a l l y ,   t h e   a n a l y t i c a l  and   des ign   phase   o f   the   p resent  
s t u d y  h a s  shown: 
1. For  a 1400 F i n l e t   t u r b i n e   t e m p e r a t u r e ,   t h e   t e m p e r a t u r e  level  o f   t h e  
t u r b i n e  e n d  j o u r n a l  b e a r i n g ,  w i t h o u t  c o o l i n g  p r o v i s i o n s ,  i s  about  
600 F t o  800 F ,  d e p e n d i n g  o n  t h e  t h e r m a l  s h i e l d i n g  u s e d  a n d  t h e  e f f e c t i v e -  
n e s s   o f   t h e   t h e r m a l   s h u n t .  
2 .  The t r a n s i e n t ,   t e m p e r a t u r e   g r a d i e n t s   i n   t h e   r o t o r - b e a r i n g   p a d s   c o m b i n a t i o n  
a r e   d o m i n a t e d   b y   t h e   h e a t   g e n e r a t e d   i n   t h e   b e a r i n g   f i l m .   I n   g e n e r a l ,  
t h e   j o u r n a l   t e m p e r a t u r e  i s  h i g h e r   t h a n   t h e b e a r i n g   t e m p e r a t u r e   t h r o u g h o u t ,  
and t h e   m o s t   s e v e r e   v a r i a t i o n   i n   t h e   l o c a l   s h a f t   t o  pad t empera tu re  
d i f f e r e n c e s   a p p e a r   t o   o c c u r  a t  t h e   s t e a d y   s t a t e   c o n d i t i o n .  
3 .  In t h e   c a s e   o f   t h e   t h r u s t   b e a r i n g ,   v e r y   l a r g e   v a r i a t i o n s   i n  t h e  thermal  
d i f f e r e n t i a l  b e t w e e n  t h e  r u n n e r  and t h e  s t a t o r  o c c u r  d u r i n g  s t a r t  u p .  
4 .  The t i l t i n g  pad b e a r i n g  e x h i b i t s  a v e r y  h i g h  t o l e r a n c e  o f  t h e r m a l  g r a d i e n t s .  
L a r g e  r a d i a l  t e m p e r a t u r e  d i f f e r e n c e s  b e t w e e n  t h e  s h a f t  a n d  b e a r i n g  h o u s i n g  
o f   t he   o rde r   o f  400 F c a n   b e   t o l e r a t e d  by s u i t a b l e   p r e l o a d   d e s i g n .  The 
s t i f f n e s s  o f  t h e  p r e l o a d i n g  s p r i n g  o r  f l e x u r e  h a s  t o  be s e l e c t e d  b a s e d  on 
t h e  a n t i c i p a t e d  r a d i a l  t e m p e r a t u r e  d i f f e r e n c e  and t h e   a l l o w a b l e  l i m i t s  
cn p r e l o a d   v a r i a t i o n s .  
5 .  Where p i v o t s  w i t h  r e l a t i v e  s l i d i n g  b e t w e e n  t h e  members (such as the   conven-  
t i o n a l  H e r t z i a n  c o n t a c t  p i v o t s  commonly u s e d  i n  p r e s e n t - d a y  t i l t i n g  p a d  
b e a r i n g s )  a r e  n o t  d e s i r e d ,  a f o i l  s u p p o r t  s y s t e m  c a n  b e  u s e d  a s  d e s c r i b e d  
i n  S e c t i o n  5 o f  t h i s  r e p o r t  and i n  t h e  d r a w i n g  a n d  m a t e r i a l s  l i s t  prepared  
f o r   t h e   f o i l   s u p p o r t e d   t i l t i n g  pad b e a r i n g   t y p e .  For t h e   e l e v a t e d  temp- 
e r a t u r e  c o n d i t i o n  o f  i n t e r e s t  h e r e  ( u p  t o  1400 F o p e r a t i n g  t e m p e r a t u r e ) ,  
t h e  s y s t e m  u s e s  0.020'' t h i c k  x 0.40" wide  Inconel  X f o i l s .  T h e s e  p r o v i d e  
c a l c u l a t e d  r e s t r a i n t s  on t h e  p i t c h  a n d  r o l l  m o t i o n s  o f  t h e  p a d s  t h a t  are  
abou t  two o r d e r s  o f  m a g n i t u d e  s m a l l e r  t h a n  t h e  c o r r e s p o n d i n g  s t i f f n e s s e s  
o f   t h e   g a s   f i l m .   T h i s   s h o u l d   p e r m i t   s a t i s f a c t o r y ,   s t a b l e   o p e r a t i o n   o f   t h e  
b e a r i n g  . 
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6. The f o i l  s u p p o r t  d o e s  n o t  a u t o m a t i c a l l y  p r o v i d e  f o r  f r e e d o m  o f  m o t i o n  
i n  t h e  yaw d i r e c t i o n .  The  need f o r   t h i s ,   f o r   e x a m p l e ,   t o   f a c i l i t a t e  
accu ra t e  a l ignmen t  and p r e s e r v e  t h i s  a l i g n m e n t  u n d e r  t h e r m a l  c y c l i n g  
n e e d s   t o   b e   e x p e r i m e n t a l l y   e s t a b l i s h e d .   F o r   t h e   p r e s e n t ,  i t  i s  f e l t  
t ha t  f r eedom of  mot ion  in  the  yaw d i r e c t i o n  i s  d e s i r a b l e  and p r o v i s i o n  
f o r  i t  h a s  b e e n  i n c l u d e d  i n  t h e  d e s i g n  b y  a t t a c h i n g  e a c h  pad t o  i t s  
f o i l  s u p p o r t  e l e m e n t  t h r o u g h  a Rene 4 1  f l e x u r e  p i v o t .  
7 .  Deta i led   per formance  maps were p r e p a r e d  f o r  t h e  f o i l  s u p p o r t e d  t i l t i n g  
pad b e a r i n g  i n c l u d i n g  t h e r m a l  d i s t o r t i o n  e f f e c t s  a n d  t h e s e  c o n f i r m e d  
t h a t  t h e  l o s s  o f  l o a d  c a p a c i t y  and o t h e r  b e a r i n g  c h a r a c t e r i s t i c s  was 
s m a l l ,   g e n e r a l l y   o f   t h e   o r d e r   o f   1 0   p e r c e n t   o r  less f o r  t h e  s p e c i f i e d  
c o n d i t i o n s  of o p e r a t i o n ,  
8. A g e n e r a l  s t u d y  of the rma l  con ing  and the rma l  c rowning  o f  t he  sha f t ,  
r e l a t i v e  t o  t h e  p a d s  was a l s o  made a l l o w i n g  f o r  a w i d e  r ange  of v a l u e s  
of a x i a l  t h e r m a l  g r a d i e n t s ,  a n d  o f  t e m p e r a t u r e  d i f f e r e n t i a l  bet.ween t h e  
j o u r n a l   c e n t e r  and j o u r n a l   e n d s .  The r e s u l t s ,  shown i n   F i g s .  37,  38 
and 3 9 ,  showed t h a t  t h e r m a l  c o n i n g  h a s  v e r y  l i t t l e  e f f e c t  on   t he   p ivo t  
p o i n t  f i l m  t h i c k n e s s  d u e  t o  t h e  a b i l i t y  o f  t h e  p a d s  t o  r o l l  a b o u t  t h e i r  
p o i n t s  of s u p p o r t   t o   c o m p e n s a t e   f o r  i t .  Thermal  crowning w i l l ,  however, 
r e s u l t  i n  s i g n i f i c a n t  r e d u c t i o n  i n  t h e  p i v o t  f i l m  t h i c k n e s s ,  a s  
i l l u s t r a t e d  i n  F i g .  39 .  Thermal   crowning  can  be  l imited by c o n t i n u i n g  
t h e  u s e  of a thermal   shunt  made of  coppe r  o r  o the r  h igh  the rma l  con-  
d u c t i v i t y   m a t e r i a l   i n   t h e   r o t o r   ( a n d   i f   n e e d e d   i n   t h e   p a d s   a l s o )   t o  
min imize   t he   t empera tu re   g rad ien t s   t ha t   i nduce   c rowning .  
9 .  Rev iew  o f   t he   p re sen t   ana ly t i ca l   me thods   fo r   p red ic t ing   onse t   o f   i n -  
s t a b i l i t y  i n  t i l t i n g - p a d ,  g a s - l u b r i c a t e d  b e a r i n g s  showed t h e s e  t o  b e  
l agg ing   beh ind   t he   expe r imen ta l  and f i e l d   e x p e r i e n c e .   A c c o r d i n g l y ,   t h e  
c l ea rance   va lues   ( and ,   hence ,   t he   magn i tude  of p r e l o a d )   u s e d   i n   t h e  
f i e l d  maps was based on p r i o r  e x p e r i m e n t a l  o b s e r v a t i o n s  r e c o r d e d  d u r i n g  
development  of  the  dynamic  simulator of t h e  a x i a l  f l o w  t u r b o c o m p r e s s o r  
(Ref 2 . ) .  T h i s   h o u l d   p r o v i d e   f o r   s t a b l e   o p e r a t i o n   o f   t h e   t i l t i n g  pad 
b e a r i n g   d e s i g n e d   h e r e i n ,   h o w e v e r ,   f u r t h e r   c o m b i n e d   a n a l y t i c a l  and  ex-. 
p e r i m e n t a l  a n a l y s i s  of  g a s  b e a r i n g  s t a b i l i t y  i s  needed t o  o b t a i n  a 
g e n e r a l  s o l u t i o n  of t h i s  p r o b l e m .  
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A f o i l  b e a r i n g  was des igned  wi th  va r i ab le  p re load  and  pe r fo rmance  maps 
o b t a i n e d   f o r  i t  o v e r   t h e   s p e c i f i e d   o p e r a t i n g   r a n g e .   W h i l e   t h i s   b e a r i n g  
h a s  h i g h  s t a b i l i t y ,  it t e n d s  t o  have  low r a d i a l  s t i f f n e s s  u n l e s s  v e r y  
h i g h   o p e r a t i n g   p r e l o a d  i s  used ,   wh ich   i nc reases  power lo s s .   Wi th  low 
s t i f f n e s s ,  on t h e  o t h e r  h a n d ,  l a r g e  j o u r n a l  c e n t e r  e x c u r s i o n s  w i l l  be 
expe r i enced .  
The   presence   o f   l a rge   thermal   g rad ien ts   has   very  l i t t l e  i n f l u e n c e  
on t h e  f i l m  t h i c k n e s s  o f  t h e  f o i l  b e a r i n g ,  b u t  i t  does  cause  d i sp lacemen t  
o f   t h e .   j o u r n a l   c e n t e r .  
A d o u b l e  a c t i n g ,  h e l i c a l  g r o o v e d  t h r u s t  b e a r i n g  was designed and analyzed,  
which   a l lows   suppor t  of t h r u s t  l o a d s  in e i t h e r  d i r e c t i o n .  
T h e r m a l  g r a d i e n t  e f f e c t s  i n  t h e  t h r u s t  b e a r i n g  were c o n t r o l l e d  b y :  1. use 
of a TZM s t a t o r  w h i c h  b y  v i r t u e  of i t s  low t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  (a) 
and  h igh   thermal   conduct iv i ty  (k), s u f f e r s  v i r t u a l l y  n e g l i g i b l e  d i s t o r t i o n s ,  
2 .  d e s i g n i n g  t h e  Rene 41 ro to r   such   t ha t   t he   c rowning   i nduced  by t h e  a x i a l  
t h e r m a l  g r a d i e n t s  is a lmost   comple te ly   compensa ted   for  by the   d i sh ing   o f   t he  
runner   caused  by t h e   r a d i a l   t h e r m a l   g r a d i e n t s .   W i t h   t h e s e   d e s i g n   f e a t u r e s ,  
i t  was conc luded  tha t  loss o f  l o a d  c a p a c i t y  d u e  t o  t h e r m a l  g r a d i e n t s  c a n  
b e  l i m i t e d  t o  t h e  o r d e r  o f  10 p e r c e n t  a t  n o r m a l  o p e r a t i n g  f i l m s  o f  t h e  
order   o f  0.001". 
The conc lus ions   o f   t he   ma te r i a l s   phase   o f   t he   s tudy   a r e   s epa ra t e ly   Covered  i n  
Volume 2 o f   t h i s   f i n a l   r e p o r t .   B r i e f l y ?   h o w e v e r ,   t h e   p r e f e r r e d   m a t e r i a l s   c o m b i n a t i o n  
among t h o s e  t e s t e d ,  a t  b o t h  t h e  900 and t h e  1400 F l e v e l s  was found  to  be a combina- 
t i o n   o f  A1 0 c o a t i n g   s l i d i n g   a g a i n s t   n i c k e l - c h r o m e  bonded  chrome  carbide  coat ing.  
The NASA f u r n i s h e d  e u t e c t i c  f l u o r i d e  f i l m  was a l s o  f o u n d  t o  b e  e f f e c t i v e  i n  p r e -  
v e n t i n g  s u r f a c e  damage b u t  p r o b l e m s  e n c o u n t e r e d  i n  u s i n g  t h i s  f i l m  I n d i c a t e d  t h a t  
more   deve lopment   e f for t  i s  needed.  
2 3  
2.4 Recommendations 
The a n a l y t i c a l  and des ign  phase  of  the  program has  l e d  t o  c e r t a i n  b e a r i n g  d e s i g n s  
t h a t  a p p e a r  t o  h a v e  a v e r y  h i g h  p o t e n t i a l  f o r  s a t i s f a c t o r y  o p e r a t i n n  i n  a h igh  
temperature ,   non-isothermal   environment   and w i l l  n o t   r e q u i r e   c o o l i n g .  It i s  
recommended t h a t ,   a s   t h e   n e x t   p h a s e   o f   t h i s   d e v e l o p m e n t , t h e s e   t h r e e   b e a r i n g  
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c o n c e p t s  b e  f a b r i c a t e d  a n d  t e s t e d  u n d e r  c o n t r o l l e d  t h e r m a l  g r a d i e n t  c o n d i t i o n s .  
S i m p l i f i c a t i o n s  o f  t h e  b e a r i n g  d e s i g n s  t h a t  h a v e  b e e n  a r r i v e d  a t  h e r e  o n  t h e  
b a s i s  o f  a n a l y t i c a l  a n d  d e s i g n - r o o m  s t u d i e s  s h o u l d  b e  s o u g h t  a n d  a c h i e v e d  d u r i n g  
f a b r i c a t i o n  a n d  t e s t  
The r e c o m e n d a t i o n s  o f  t h e  m a t e r i a l s  p h a s e  h a v e  b e e n  s e p a r a t e l y  c o v e r e d  i n  t h e  
second  volume of t h i s   f i n a l   r e p o r t .   B r i e f l y ,   h o w e v e r ,   t h e s e   c o m p r i s e   ( a )  
f u r t h e r  e v a l u a t i o n  a n d  o p t i m i z a t i o n  of  t he  use  o f  ch rome  ca rb ide  combina t ions  
a s  s u r f a c e  c o a t i n g s  f o r  h i g h  t e m p e r a t u r e  b e a r i n g s  a n d  ( b )  f u r t h e r  d e v e l o p m e n t  
i n  t h e  a r e a s  of c o m p o s i t i o n ,  a p p l i c a t i o n  a n d  e v a l u a t i o n  o f  s o l i d  l u b r i c a n t  f i l m s  
i n c l u d i n g  t h e  NASA's e u t e c t i c  f l u o r i d e  a n d  t h e  Dow Corning  ceramic  bonded 
M c S 2  f i l m s .  
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3 .  SUMMARY REVIEW OF THE SCREENING ANALYSIS 
Prior  to  conducting  the  detailed  analysis  of  the  high  temperature  non-isothermal 
gas  bearings  described in  this report, a  screening  study was made  to  select  the 
bearing  types  for  the  detailed  analysis. This screening  analysis  was  conducted 
as Task I of  the  overall  program and  it  has been  reported  in  Ref. 1. Here, a 
brief  summary of the results of this  preliminary  task will be  briefly  reviewed. 
The scope  of  the  screening  analysis was as  follows: 
1. Based  on  a  qualitative  assessment of various known journal and 
thrust  bearing  types,  select  four  candidate  journal  bearing  types 
and two candidate  thrust  bearing  types that  have  most  promise  for 
operation in an uncooled  environment,  under  specified  operating 
conditions, (described  below)  that  are  characteristic  of  anticipated, 
compact  Brayton  Cycle  machinery. 
2 .  Conduct  a  preliminary  (screening)  analysis of these  bearing  types 
in  order  to  select  two  journal and one  thrust  bearing  types for 
detailed  analysis  and  design. 
The selection  criteria for the  screening  analysis  included: 
a. large  value  of  the  minimum  film  thickness 
b. high  stability  threshold  during  both  steady-state and transient  conditions 
c. tolerance  of steady'state  and transient  thermal  gradients 
d. thermal  tracking  ability 
e.  low  power  loss 
Prime  consideration was to  be  given  in  the  comparative  studies to the  tolerance 
of the  bearings  to  transient and steady-state  thermal  gradients. 
The operating  conditions  that  were  used  for  the  comparative  studies of bearing 
performance  were: 
a.  shaft  diameter: 2 inches 
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b.  s h a f t   s p e e d s :  10,000 t o  50,000 rpm 
c .  ambient   t empera tures :  900F to 1400F 
d .  t e m p e r a t u r e  g r a d i e n t s :  u p  t o  400F between  support   mount   and  shaf t  
e .  l o a d  ( t o t a l / l e n g t h  x d i a m e t e r ) :  z e r o  t o  5 p s i  
f .  a m b i e n t   g a s   p r e s s u r e :  5 t o  25 p s i a   ( c o m p r e s s o r   i n l e t . )  
g .   c y c l e   f l u i d  : a i r ,  argon  and  krypton 
h .   d e s i g n   l i f e ,   m i n . :  50,000 hour s  
The   ou tcome  of   the   sc reening   ana lys i s  was t o  b e  two p r e f e r r e d  j o u r n a l  b e a r i n g  
c o n c e p t s   a n d   o n e   p r e f e r r e d   t h r u s t   b e a r i n g   c o n c e p t .  It was ,however ,   requi red  
that a t  l e a s t  o n e  o f  t h e  j o u r n a l  b e a r i n g  c o n c e p t s  b e  o f  t h e  c o n f o r m a b l e  
type .  It was a l s o   r e q u i r e d   t h a t   p i v o t s   h a v i n g  r e l a t i v e  s l i d i n g   b e t w e e n   t h e  
bearing  pads  and  the  mounts  (such as t h e   H e r t z i a n   c o n t a c t   p i v o t s   u s e d   i n   c o n -  
v e n t i o n a l  t i l t i n g  pad b e a r i n g s )  n o t  b e  u s e d .  
3 . 1  Journa l  Bear ings  Concepts  Cons idered  dur ing  the  Screening  Srcldy 
From a q u a l i t a t i v e  a s s e s s m e n t  o f  e i g h t  g a s  l u b r i c a t e d  j o u r n a l  b e a r i n g  t y p e s  t h e  
fo l lowing  fou r  were s e l e c t e d  f o r  t h e  s c r e e n i n g  a n a l y s i s :  
1. Wire s u p p o r t e d  t i l t i n g  pad b e a r i n g  
2.  H e r r i n g b o n e  g r o o v e d  b e a r i n g  s u p p o r t e d  i n  t a n g e n t i a l  f l e x u r e s  
3 .  H y d r o s t a t i c a l l y  s u p p c r t e d  f u l l  c y l l n d r i c a l  b e a r i n g  
4 .  F o i l  b e a r i n g  w i t h  v a r i a b l e  p r e l o a d  
Some o f  t h e  f a c t o r s  f a v o r i n g  t h e s e  b e a r i n g  c h o i c e s  w e r e a s  foiloxs: 
The t i l t i n g  pad  bea r ing  i s  t h e  m o s t  w i d e l y  u s e d  s e l f - a c t i n g  g a s  b e a r i n g  i n  h i g h  
speed   tu rbomachinery .   This  i s  p r i n c i p a l l y   b e c a u s e   o f  i t s  e x c e l l e n t   s t a b i l i t y  
c h a r a c t e r i s t i c s  and i n h e r e n t   s e l f   a l i g n m e n t   c a p a b i l i t y .   F u r t h e r m o r e , ,   t h e  
f a c t  t h a t  t h e  b e a r i n g  c o n s i s t s  o f  a number  of i nd iv idua l iy   s l l ppor t ed   pads ,  i s  
a d v a n t a g e o u s   f r o m   t h e   s t a n d p o i n t   o f   t o l e r a n c e   o f   t b e r m a l   g r a d i e n t s .  E+- u se  
o f  p r e l o a d i n g , v a r i a t i o n s  i n  b e a r i n g  c l e a r a n c e  d u e  t o  d i f f e r e n t i a l  t h e r m a l  
( a n d  c e n t r i f u g a l )  g r o w t h s  o f  t h e  r o t o r  r e l a t i v e  t o  t h e  b e a r i n g  t..cusing can  be  
m i n i m i z e d .   F u r t h e r m o r e ,   t h e   a b i l i t y   o f   t h e   p a d s   i n d i v i d u a l l y  t o  a l i g n   w i t h  
t h e  s h a f t  s u r f a c e  allows t h e m  t o  a d j u s t  t C  c o n i c a l  j o u r n a l  d i s t o r t i o n s  i n d u c e d  b y  
axial  t h e r m a l   g r a d i e n t s ,   t h u s   m a i n t a i n i n g  a u n i f o r m   f i l m   t h i c k n e s s   i n   t h e  
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a x i a l   d i r e c t i o n .   C o n v e n t i o n a l l y ,   t h e   t i l t i n g  pad b e a r i n g   u s e s   H e r t z i a n   c o n t a c t  
p i v o t s   ( e . g .  a b a l l  and   socke t   a r r angemen t )   t o   suppor t   t he   i nd iv idua l   pads  and 
a l l o w  t h e m  f r e e d o m  t o  p i t c h ,  r o l l  o r  yaw, i n  r e s p o n s e  t o  t r a n s l a t o r y  and c o n i c a l  
o r b i t s  of t h e   s h a f t .   I n   t h e   p r e s e n t   d e s i g n   s t u d y ,   h o w e v e r ,   t h i s   t y p e  o f  suppor t  
was p r e c l u d e d .   I n s t e a d ,   a n   a l t e r n a t e   s u p p o r t  scheme was sought  which  would 
al low the desired freedom of  motion of  the pads but  which would not  have i t s  
e l e m e n t s  s u b j e c t e d  t o  r e l a t i v e  s l i d i n g  i n  t h e  i n e r t  g a s ,  h i g h  t e m p e r a t u r e  
environment .  A wire s u p p o r t   s y s t e m   ( l a t e r   c h a n g e d   t o   o n e   u t i l i z i n g  0.4 i n c h e s  
w i d e  x 0.020 i n c h e s  t h i c k  I n c o n e l  X f o i l s )  was s e l e c t e d  a s  p r o v i d i n g  minimum 
r e s t r a i n t  o n  t h e  f r e e d o m  o f  m o t i o n  o f  t h e  p a d s  i n  b o t h  t h e  p i t c h  a n d  r o l l  
d i r e c t i o n s ,  w i t h  r e l a t i v e l y  low stress l e v e l s  ( less  t h a n  20,000 p s i )  i n  t h e  
suppor t  e l emen t s .  
The h e r r i n g b o n e  g r o o v e d  b e a r i n g  h a s  a c h i e v e d  i n c r e a s i n g  i m p o r t a n c e  i n  r e c e n t  
y e a r s   a s  a p r a c t i c a l   g a s   b e a r i n g   f o r   h i g h   s p e e d   t u r b o m a c h i n e r y .  E t  LS produced 
by i n s e r t i n g  s h a l l o w  h e r r i n g b o n e  g r o o v i n g  i n  e i t h e r  t h e  s t a t o r  o r  r o t o r  e l e m e n t s .  
The g roov ing  makes  the  bea r ing  ope ra t e  a s  a ze ro  f low,  v i scous  compresso r ,  w i th  
l a r g e  p r e s s u r e s  g e n e r a t e d  a r o u n d  t h e  c i r c u m f e r e n c e  o f  t h e  b e a r i n g ,  e v e n  when 
t h e   j o u r n a l  i s  r u n n i n g   c o n c e n t r i c   w i t h i n   t h e   b e a r i n g   c l e a r a n c e .  It has  been 
shown b o t h a n a l y t i c a l l y  and e x p e r i m e n t a l l y  t h a t  t h i s  b e a r i n g  h a s  b o t h  h i g h  r a d i a l  
s t i f f n e s s  and a h i g h   s t a b i l i t y   t h r e r h o l d .   U n l i k e   t h e   t i l t i n g  pad b e a r i n g  i t  i s  
of a s i m p l e ,   o n e - p i e c e   c o n s t r u c t i o n .  The herr ingbone  grooving  imposes no s e r i o u s  
manufac tu r ing  p rob lem,  even  fo r  sma l l  o r  modera t e  s i ze  bea r ings  s ince  i t  can  be  
i n s c r i b e d   i n   t h e   r o t o r .  The   grooves   can   be   inscr ibed   by   machin ing ,   o r ,  
p re fe rab ly ,  t hey  can  be  ach ieved  by c o a t i n g  t h e  r o t o r  t h r o u g h  a n  a p p r o p r i a t e  
s c r e e n ,   a f t e r   w h i c h .   t h e   l a n d s   a r e   g r o u n d  to a c h i e v e   t h e  desired groove  depth.  
The b e a r i n g  i s  g e n e r a l l y  s u p p o r t e d  i n  a d i aphragm to  p rov ide  some al ignment  
c a p a b i l i t y .   F o r   t h e   p r e s e n t   s t u d y ,   w h e r e   l a r g e   t h e r m a l   g r a d i e n t s   b e t s e e n   t h e  
r o t o r  and t h e   b e a r i n g   h o u s i n g  are p r e s e n t ,   t h e   b e a r i n g   s u p p o r t   c o m p r i s e d  a 
se t  of t a n g e n t i a l  f l e x u r e s  t o  p r o v i d e  h i g h  r a d i a l  s t i f f n e s s ,  w h i l e  a l l o w i n g  
t h e  b e a r i n g  t o  grow r a d i a l l y ,  r e l a t i v e  t o  i t s  hous ing ,  i n  r e s p o n s e  t o  
t empera tu re   d i f f e rences   be tween  it and the   hous ing .   Fu r the rmore ,  by u s i n g  a 
r e l a t i v e l y  t h i n  b e a r i n g  s l e e v e ( a n d  s i n c e  t h e  t a n g e n t i a l  s p o k e  s u p p o r t  r e d u c e s  
the  conduc t ive  hea t  pa th  to  the  hous ing )  the  bea iLng  shou ld  be  capab le  of 
t r a c k i n g  t h e  r o t o r  t e m p e r a t u r e  d u r i n g  t h e r m a l  t r a n s i e n t s ,  
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The t h i r d ,  r i g i d  s u r f a c e  b e a r i n g  c o n c e p t  c o m p r i s e d  a c y l i n d r i c a l  b e a r i n g  s u p p o r t e d  
on a h y d r o s t a t i c  g a s  f i l m .  The s e l e c t i o n  o f  t h i s  b e a r i n g  was based  on ea r l i e r  
t h e o r e t i c a l  a n a l y s i s  a n d  e x p e r i m e n t a l  s t u d i e s  t h a t  showed t h a t  t h e  s t a b i l i t y  
t h r e s h o l d  o f  a p l a i n  c i r c u l a r ,  g a s  b e a r i n g  c a n  b e  c o n s i d e r a b l y  e n h a n c e d  by  pro- 
v i d i n g   e x t e r n a l   d a m p i n g .   F o r  low t e m p e r a t u r e   a p p l i c a t i o n s ,   t h i s   p r i n c i p l e  was 
a p p l i e d   s u c c e s s f u l l y   b y   s u p p o r t i n g ' t h e   g a s   b e a r i n g   i n   a n   e l a s t o m e r   r i n g .   F o r  
o p e r a t i o n  a t  e l e v a t e d  t e m p e r a t u r e s ,  t h e  e x t e r n a l  d a m p i n g  c a n  b e  p r o v i d e d  by 
s u p p o r t i n g   t h e   b e a r i n g   o n  a h y d r o s t a t i c   f i l m .   S e l f - a l i g n m e n t  was provided  by 
s p h e r i c a l l y   c r o w n i n g   t h e   h y d r o s t a t i c   s u p p o r t .   T o l e r a n c e   o f   t h e r m a l   g r a d i e n t s  
was sought   by   us ing  a t h i n ,  low  mass  bearing sleeve and  by f l e x i b l y  a t t a c h i n g  
t h e  h y d r o s t a t i c  s e a t  t o  t h e  h o u s i n g .  The h y d r o s t a t i c   s u p p o r t  was t o   b e   d e s i g n e d  
f o r  l ow f low and  supp l i ed  e i the r  f rom compresso r  d i scha rge  o r  by g a s  b l e d  o f f  
f rom  the   hydrodynamic   f i lm.   Dur ing   the   sc reening   s tudy ,  a herr ingbone  grooved 
b e a r i n g  was u s e d  i n  p l a c e  o f  t h e  p l a i n  c i r c u l a r  o n e  t o  f u r t h e r  e n h a n c e  i t s  
s t a b i l i t y .  
The   above   t h ree   bea r ings  a re  a l l  o f   t he   " r ig id"   geomet ry   t ype  s o  t .hat   only  one  of  
t h e s e  c o u l d  b e  s e l e c t e d  a t  the   comple t ion   of   the   sc reening   ana lys i s .   The   "conformable"  
geometry   bear ing   rev iewed  in   the   sc reening   s tudy  was a f o i l   b e a r i n g .   T h i s   b e a r i n g  
t y p e   h a s   t h e   a d v a n t a g e   o f   v e r y   h i g h   s t a b i l i t y ,   d u e   t o   t h e   f a c t   t . h a t   t h e   f o i l   " p a d s "  
a r e  n e a r l y  massless. A v a r i a b l e  p r e l o a d  f e a t u r e  was i n c o r p o r a t e d  i n  t h e  b e a r i n g  
t o  m i n i m i z e  pad l o a d  v a r i a t i o n s  d u e  t o  l a r g e  t e m p e r a t u r e  d i f f e r e n c e s  b e t w e e n  t h e  
r o t o r  a n d  t h e  h o u s i n g  t o  w h i c h  t h e  f o i l  e n d s  are a t t a c h e d .  
3 1.1 Pre l imina ry  Ana lys i s  
I n  o r d e r  t o  p e r f o r m  t h e  c o m p a r a t i v e  c a l c u l a t i o n s  f o r  t h e  s e l e c t e d  b e a r i n g s ,  t h e  
fo l lowing  p re l imina ry  work  was conducted ,  
a. an  approx ima te  the rma l  ana lys i s  was made from  which  the  t .emperature  
d i s t r i b u t i o n s  i n  the r o t o r  a n d  b e a r i n g s  were c a l c u l a t e d  o v e r  t h e  
t r a n s i e n t  f r o m  s t a r t  u p  t o  s t e a d y - s t a t e  c o n d i t i o n s .  T h i s  c a l c u l a t i o n  
was made f o r  v e r y  s e v e r e  o p e r a t i n g  c o n d i t i o n s ,  a s s u m i n g  a s t e p  jump 
i n   t h e   t u r b i n e   t e m p e r a t u r e   t o  1400F a t  s t a r t  up .   The   ca l cu la t ions  
i n d i c a t e d  t h a t  d u r i n g  t h e  t r a n s i e n t ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  a x i a l  
t h e r m a l  g r a d i e n t s  i n  t h e  s h a f t  a n d  i n  t h e  b e a r i n g  a t  t h e   t u r b i n e   e n d  
may be as h i g h  as 50 Fiincl-2. 
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b .  t h e  c o m p u t e r  p r o g r a m s  f o r  t i l t i n g  pad  and her r ingbone   grooved   bear ings  
were modif ied so t h a t :  (1) t h e  t h e r m a l  d i s t o r t i o n s  i n  t h e  s h a f t  and 
b e a r i n g a r e  computed f o r  a n y  g i v e n  t e m p e r a t u r e  d i s t r i b u t i o n s  i n  t h e  
s h a f t  and b e a r i n g s , a n d  (2)  t he   bea r ing   pe r fo rmance  is c a l c u l a t e d  
f o r  t h e  d i s t o r t e d  f i l m  s h a p e .  
3 .1 .2  Resu l t s  o f  t he  Compara t ive  Pe r fo rmance  Ca lcu la t ions  
a. T h e   p e r f o r m a n c e   c h a r a c t e r i s t i c s   ( f i l m   t h i c k n e s s ,  power loss and f i l m  
s t i f f n e s s )  were f i r s t  c a l c u l a t e d  and   compared   fo r   t he   fou r   j ou rna l   bea r ing  
c o n c e p t s  n o t e d  a b o v e ,  f o r  t h e  s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n s  and i n  t h e  
a b s e n c e  o f  t h e r m a l  d i s t o r t i o n s .  T h e s e  r e s u l t s  d i d  n o t  show  any o v e r r i d i n g  
a d v a n t a g e  f o r  o n e  b e a r i n g  o v e r  t h e  o t h e r s .  
b .  The l o a d  c a p a c i t y  r e d u c t i o n s  d u e  t o  t h e r m a l  d f s t o r t i o n s  u n d e r  t h e r m a l  
t r a n s i e n t s  were t h e n  c a l c u l a t e d ,  u s i n g  t h e  t e m p e r a t x r e  d i s t r i b u t i o n s  o b -  
t a i n e d  f r o m  t h e  t r a n s i e n t  t h e r m a l  a n a l y s i s  and u s i n g  t h e  b e a r i n g  p e r -  
formance   computer   p rograms  for   thermal ly   d i s tor ted  f i l m  shapes.   These 
c a l c u l a t i o n s  were made f o r  b o t h  t h e  t i l t i n g  pad  and t h e  h e r r i n g b o n e  
g r o o v e d   c o n f i g u r a t i o n s .  The r e s u l t s ,  shown i n   F i g s .  1 through L ,  showed 
t h a t  t h e  f u l l y  c y l i n d r i c a l  h e r r i n g b o n e  g r o o v e d  b e a r i n g  s u f f e r s  a much 
h i g h e r   l o s s   o f   f i l m   t h i c k n e s s   t h a n   d o e s   t h e   t i l t i n g  pad bea r ing .   Fo r   t he  
m o s t   s e v e r e   t e m p e r a t u r e   g r a d i e n t s   d u r i n g   t h e   t r a n s  Lent. the he r r ingbone  
grooved   bear ing  was  found t o  l o s e  a s  much a s  79  percent   o f  i t s  minimum 
f i l m  t h i c k n e s s ,  w h e r e a s  t h e  l o s s  i n  t h e  t i l t i n g  pad b e a r i n g  was on t h e  
o rde r   o f  33 p e r c e n t .   P h y s i c a l l y ,   , t h e   r e a s o n   f o r   t h i s  is a s   f o l l o w s .  
The a x i a l  t h e r m a l  g r a d i e n t s  p r o d u c e  a t a p e r e d  f i l m  c l e a r a n c e  a l o n g  t h e  
bea r ing .   Accord ing ly ,   i n   t he   ca se   o f   t he   he r r ingbone   g rooved   bea r ing ,  
t h e  c l e a r a n c e  is s m a l l  a t  t h e  t u r b i n e  end  and l a r g e  a t  t h e  o p p o s i t e  
end   o f   t he   bea r ing ,  A t  t h e   t u r b i n e   e n d ,   t h e   c l e a r a n c e   r a t i o  was reduced t o  
0.0003"/", from i t s  mean d e s i g n  v a l u e  of 0.0007 ' I /"  due t .0 t h e  f a c t  
t h a t  t h e  s h a f t  i s  abou t  50°F h i g h e r  i n  t e m p e r a t u r e  t h a n  t h e  b e a r i n g  a t  
t h i s   e n d .  The  minimum f i l m   t h i c k n e s s   a t   t h a t   e n d  is c o r r e s p o n d i n g l y  
v e r y   s m a l l  ( O . l l ~ l O - ~  inches,   compared to O . S ~ X ~ O - ~  i n c h e s  a t  t h e  mean 
c l e a r a n c e   v a l u e )  . I n   t h e   c a s e   o f   t h e   t i l t i n g  pad b e a r i n g ,  on t h e   o t h e r  
h a n d ,  w h i l e  t h e r e  i s  a comparable l o s s  i n  t h e  d i f f e r e n c e  b e t w e e n  t h e  pad 
and s h a f t  c u r v a t u r e s ,  t h e  p a d s  a r e  f r e e  t o  r o l l  a b o u t  t h e i r  s u p p o r t s ,  
* 
* a t  50,000 rpm, 5 ps ia   ambient   and  1 2  l b   l o a d  
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t h u s  t e n d i n g  t o  more n e a r l y  e q u a l i z e  t h e  a c t u a l  b e a r i n g  c l e a r a n c e  
a l o n g   t h e   l e n g t h   o f   t h e   b e a r i n g .  The u s e   o f   i n d i v i d u a l   p a d s ,   w i t h  
f r e e d o m  o f  p i t c h  a n d  r o l l  m o t i o n s ,  t h e r e f o r e ,  o f f e r s  a n  i m p o r t a n t  
a d v a n t a g e ,  w h e r e  l a r g e  t e m p e r a t u r e  d i f f e r e n c e s  a r e  a n t i c i p a t e d  
be tween  the  bea r ing  and t h e  s h a f t .  
c .  A s t a b i l i t y  i n v e s t i g a t i o n  w a s  c o n d u c t e d  f o r  h e r r i n g b o n e  g r o o v e d  b e a r i n g s ,  
over  a w ide  r ange  o f  t he  geomet r i ca l  pa rame te r s  o f  t he  bea r ing  a s  t abu-  
lated  below.  Based on t h i s  and on the  speed  and  ambient   pressure  ranges 
o f  t h e  o p e r a t i n g  c o n d i t i o n s  s p e c i f i e d  f o r  t h i s  s t u d y ,  10,000 t o  50,000 rpm 
and 5 t o  25 p s i a  r e s p e c t i v e l y ,  t h e  c l e a r a n c e  r a t i o  f o r  t h e  h e r r i n g b o n e  
grooved  bear ing was s e t  a t   0 . 7 ~ 1 0   i n c h e s / i n c h .   T h i s  i s  t h e   l a r g e s t  -3  
c l e a r a n c e  t h a t  c a n  b e  u s e d  w i t h o u t  e n c o u n t e r i n g  i n s t a b i l i t i e s  w i t h i n  t h e  
o p e r a t i n g  r a n g e .  
FULLY GROOVED SPIRAL GROOVED JOURNAL BEARING (Grooves  Rota t ing ,  L/D = 1) 
h g / h r  a / a r  
(groove   depth   ra t io)   (groove   wid€h  ra t io)   (groove   angle)   Geometry  
g 
2.1 
2.1 
2 .1  
2.1 
2 . 1  
1.5 
3.0 
1.0 
0.5 
2.0 
1.0 
1.0 
1.0 
1.0 
32.8' 
32.8' 
32.8' 
25.0' 
45 0' 
32.8' 
32.8' 
d .  A f u r t h e r  s t a b i l i t y  a n a l y s i s  was made fo r  t he  he r r ingbone  g rooved  bea r ing  
u n d e r  z e r o  l o a d  a n d  w i t h  t h e  t h e r m a l l y  d i s t o r t e d  f i l m  p r o f i l e  t o  e s t a b l i s h  
w h e t h e r   t h e   b e a r i n g   c o n t i n u e s   s t a b l e ,  d e s p i t e  t h e  t h e r m a l  d i s t o r t i o n s .  
T h i s  c a l c u l a t i o n  was made u s i n g  a n  o r b i t a l  p r o g r a m  and t h e  r e s u l t  i s  
i l l u s t r a t e d   i n   F i g .  5 .  It was f o u n d   t h a t   t h e   j o u r n a l   c e n t e r   t r a j e c t o r y  
d i d  n o t  s p i r a l  o u t ,  t h u s  i n d i c a t i n g  t h a t  o p e r a t i o n  c o n t i n u e s  s t a b l e .  
e .  The t i l t i n g  pad b e a r i n g  h a s  i n h e r e n t l y  a h i g h  s t a b i l i t y  t h r e s h o l d  d u e  t o  
the   absence   o f  a t a n g e n t i a l  f o r c e  o n  t h e  s h a f t  ( i . e .  t h e  a t t i t u d e  a n g l e  
i s  z e r o   d e g r e e s ) .  Based  on the   expe r i ence   ga ined   w i th   t he   Bray ton   cyc le  
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a x i a l - f l o w  t u r b o c o m p r e s s o r  s i m u l a t o r  d e v e l o p e d  a n d  t e s t e d  a t  s p e e d s  u p  
t o  60,000 rpm f o r  t h e  NASA (Ref .2 ) ,  a c l e a r a n c e  r a t i o  o f  O . ~ X ~ O - ~  t o  
0 . 8 ~ 1 0 ~ ~  i n c h e s l i n c h  i s  s a t i s f a c t o r y  f r o m  s t a b i l i t y  s t a n d p o i n t  f o r  t h e  
o p e r a t i n g  c o n d i t i o n s  s p e c i f i e d  i n  t h i s  s t u d y .  
f .  Wi th  the  add i t iona l  damping  p rov ided  by  hydros t a t i c  moun t ,  t he  c l ea rance  
r a t i o  o f  a h e r r i n g b o n e  g r o o v e d  b e a r i n g  c a n  b e  i n c r e a s e d  t o  a b o u t  1 x 1 0  
i n c h e s l i n c h  s t i l l  m a i n t a i n i n g  s t a b i l i t y  f o r  t h e  o p e r a t i n g  c o n d i t i o n s  
s p e c i f i e d   f o r   t h i s   s t u d y .  The hydrostat ic   mount ,   however ,  i s  a p e n a l t y  
d u e  t o  a d d i t i o n a l  c o m p l e x i t y  and  due t o  i t s  r e q u i r i n g  p r e s s u r i z e d  g a s  
e i ther   f rom  the   compressor ,   o r   f rom  the   hydrodynamic   bear ing   f i lm.  The 
l a t te r  reduces   the   load   capac i ty   o f   the   hydrodynamic   bear ing .  
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3.1.3 Conclus ions  of  the  Journa l  Bear ings  Screening  Analys is  
The p r i n c i p a l  c o n c l u s i o n s  o f  t h e  j o u r n a l  b e a r i n g  a n a l y s i s ,  w i t h  r e g a s d  t o  t h e  
c h o i c e  o f  b e a r i n g s  f o r  t h e  d e t a i l e d  a n a l y s i s  and des ign   were   a s   fo l lows :  
a .   R i g i d   s u r f a c e   j o u r n a l   b e a r i n g   c o n c e p t  
B o t h  t h e  t i l t i n g  pad  and the  he r r ingbone  g rooved  conf igu ra t ions  can  be  
d e s i g n e d   f o r   h i g h   t e m p e r a t u r e ,   n o n - i s o t h e r m a l   a p p l i c a t i o n s   o v e r   t h e  
s p e c i f i e d  r a n g e  o f  o p e r a t i o n  c o n d i t i o n s ,  f r o m  t h e  s t andpo in t s   o f   l oad  
c a p a c i t y  and s t a b i l i t y .  The her r ingbone   grooved   bear ing   has   the  
a d v a n t a g e s   o f   c o n s t r u c t i o n   s i m p l i c i t y  and s l i g h t l y  ( a b o u t  10 t o  2O%j 
less power l o s s .  The t i l t i n g  pad b e a r i n g ,   h o w e v e r ,   h a s   s u b s t a n t i a l l y  
b e t t e r t o l e r a n c e  o f  l a r g e  t h e r m a l  g r a d i e n t s ,  a s  i l l u s t . r a t e d  by its much 
s m a l l e r  l o s s  o f  minimum f i l m  t h i c k n e s s  i n  t h e  t h e r m a l l y  d i s t o r t e d  c o n -  
d i t i o n .   T h i s  i s  a n   i n h e r e n t   a d v a n t a g s   t h a t  is d u e   t o   t h e   f a c t   t h a t   t h e  
b e a r i n g  c o n s i s t s  o f  i n d i v i d u a l  p a d s  t h a t  f r e e l y  p i t c h  and r o l l  t o  com- 
p e n s a t e   a g a i n s t  loss o f   c l e a r a n c e   a t   t h e   b e a r i n g   e n d s .  T h i s  g r e a t e r  
t o l e r a n c e  of t h e r m a l  d i s t o r t i o n s  g i v e s  t h e  t i l t i n g  pad bear ing an added 
m e a s u r e  o f  r e l i a b i l i t y  i n  n o n - i s o t h e r m a l  e n v i r o n m e n t  and  makes it t h e  
p r e f s r r e d ,  r i g i d - s u r f a c e  j o u r n a l  b e a r i n g  c o n c e p t  f o r  h i g h  t e m p e r a t u r e  
a p p l i c a t i o n s .  
Wire ( o r , f o i l )  s u p p o r t  o f  t h e  t i l t i n g  pad. b e a r i n g  w a s  p r e f e r r e d  o v e r  
r a d i a l  o r  t a n g e n t i a l  f l e x u r e s  b e c a u s e  i t  combined a h i g h  s t r e n g t h  s u p p o r t  
s y s t e m  w i t h  v e r y  s m a l l  r e s t r z i n t  o n  t h e  f r e e d o m  o f  m o t i o n  cjf t h e  i n d i v l d u a l  
pads.  
u 
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The f o i l  s u p p o r t e d  t i l t i n g  pad b e a r i n g  w a s ,  t h e r e f o r e ,  t h e  " r i g i d  s u r f a c e "  
g r o o v e d  b e a r i n g  c o n c e p t  s e l e c t e d  f o r  d e t a i l e d  a n a l y s i s  a n d  d e s i g n .  
- b.   Conformable   , journa l   bear ing   concept  
The f o i l  b e a r i n g  w i t h  v a r i a b l e  p r e l o a d  f e a t u r e  t o  c o m p e n s a t e  f o r  d i f f e r e n t i a l  
t h e r m a l  g r o w t h s  b e t w e e n  t h e  r o t o r  a n d  t h e  a n c h o r  p o i n t s  o f  t h e  f o i l  i n  t h e  
b e a r i n g  h o u s i n g  was s e l e c t e d  as t h e  " c o n f o r m a b l e  s u r f a c e "  j o u r n a l  b e a r i n g  
c o n c e p t  s e l e c t e d  f o r  d e t a i l e d  a n a l y s i s  a n d  d e s i g n .  
3 . 2  T h r u s t  B e a r i n g s  S e l e c t i o n  f o r  t h e  S c r e e n i n g  S t u d y  
The  two b e a r i n g   t y p e s   s e l e c t e d   f o r   t h e   s c r e e n i n g   s t u d y  were: 
1. F l e x u r e  m o u n t e d  s p i r a l  g r o o v e  b e a r i n g  
2.  F l e x u r e  s u p p o r t e d  t i l t i n g  pad b e a r i n g  
Thus, a f u l l  a n n u l a r r i n g  t y p e  o f  t h r u s t  b e a r i n g  a n d  a t h r a s t  b e a r i n g  c o m p r i s i n g  
a s e t  o f   i n d i v i d u a l l y   s u p p o r t e d   p a d s  were c o n s i d e r e d .  The f u l l ,   a n n u l a r   r i n g  
t y p e  o f  b e a r i n g  h a s  t h e  a d v a n t a g e  o f  h i g h e r  l o a d  c a p a c i t y ,  b u t  i t  i s  more 
s u s c e p t i b l e   t o  loss  o f   l o a d   c a p a c i t y   i n   t h e   e v e n t   o f   t h e r m a l   d i s t o r t i o n s .  Con- 
v e r s e l y ,  t h e  t i l t i n g  pad b e a r i n g , c o n s i s t i n g   o f   a n u m b e r u f   i n d i v i d u a l l y   s u p p o r t e d  
s e c t o r   s h a p e d   p a d s ,   e x h i b i t s  good t o l e r a n c e  of t h e r m a l   g r a d i e n t s ,   b u t   h a s  a s m a l l e r  
l o a d  c a p a c i t y  p o t e n t i a l .  
For  t h e  a n n u l a r  t y p e  b e a r i n g ,  t h e  h e l i c a l  g r c o v e d  b e a r i n g  was s e i e c t e d  b e c a u s e  
o f  t h e  f a c t  i t s  performance i s  v e r y  n e a r l y  i n d e p e n d e n t  o f  g a s  c o n p r e s s i b i l i t y  
e f f e c t s   u p   t o   v e r y   h i g h   v a l u e s   o f   t h e   c o m p r e s s i b i l i t y  cumber (A). P a r t i c u l a r l y ,  
i n  t h e  e n d   o f   t h e   s p e c i f i e d   s p e e d   r a n g e   ( u p   t o  50,000 rpm maximum) and   the  low 
e n d   o f   t h e   s p e c i f i e d   a m b i e n t   p r e s s u r e   r a n g e  (down t o  5 p s i a  minimum), i t  has  a 
h i g h e r  l o a d  c a r r y i n g  a b i l i t y  t h a n  o t . h e r  known s e l f - a c t i n g ,  g a s - l u b r i c a t e d  t h r u s t  
b e a r i n g s .  It h a s   a l s o  a r e c o r d   o f   s u c c e s s f a l   a p p l i c a t i o n s   i n   g a s - l u b r i c a t e d  
B r a y t o n  c y c l e  u n i t s ,  m o t o r  d r i v e n  c i r c u l a t o r s  and o t h e r ,  s i m i l a r  r o t a t i n g  m a c h i n e r y .  
3 . 2 . 1  Resul t s   o f   Compara t ive   Per formance   Calcu la t ions  
The h e a t  t r a n s f e r  a n a l y s i s  i n d i c a t e d  t h a t  t h e  t h e r m a l  g r a d i e n t s  ir. t h e  t h r u s t  
b e a r i n g  p l a t e  and th ru ' s t  runne r  w i l l  b e  g o v e r n e d  p r i n c i p a l l y  by t h e  h e a t  g e n e r a t e d  
i n  t h e  b e a r i n g ,  r a t h e r  t h a n  by t h e   h e a t   c o n d a c t e d  t o  t h e  b e a r i n g  r e g i o n ,  a l o n g  t h e  
r o t o r  
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The s c r e e n i n g  a n a l y s i s  was made f o r  a 4-1/2"0.D. x 2" I.D. t h r u s t  b e a r i n g  s i z e ,  
assuming an operat ing speed of  50,000 rpm and a  minimum f i lm th ickness  of  0 .001" . .  
Fo r  a v i s c o s i t y   o f   6 x 1 0   l b . s e c / i n - ,   t h e   l o a d   c a p a c i t i e s  of t h e  two b e a r i n g s  
n e g l e c t i n g  t h e r m a l  d i s t o r t i o n s  w e r e  c a l c u l a t e d  t o  b e :  
-7 7 
Herringbone  grooved  bear ing a t  P = 5 t o  15 p s i a :  110 l b s  
T i l t i n g  pad b e a r i n g  a t  1 5  p s i a :  33   l b s  
T i l t i n g  pad b e a r i n g  a t  5 psis: 18 l b s  
a 
The c a l c u l a t i o n s  were t h e n  r e p e a t e d  f o r  t h e  same o p e r a t i n g  c o n d i t i o n s ,  b u t  now 
a l l o w i n g   f o r   t h e r m a l   d i s t o r t i o n   e f f e c t s .  The c a l c u l a t i o n s   w e r e  made f o r   s i x  
ma te r i a l s   combina t ions   i nd ica t ed   f rom a sepa ra t e   s tudy 'oE   h igh   t empera tu re   bea r ing  
mater ia ls   conductec '   under   another   task  of   the  program. Tke r e s u l t s  of t h e   r a l -  
c u l a t i o n s  a r e  t a b u l a t e d  b e l o w .  
Mater ia l   Combina t ion   Herr ingbone   Grooved  Tl l t ing  Pad Bearlngs a t :  
( s t a t o r  v s  r o t o r )  B e a r i n g   a t  5 t o  15 15 p s i a  ps ia   ambient   ambient  
5 p s l a  
ambient 
( l b s )   ( l b s )   ( l b s i  
TZM v s  TZM 92 33 18 
A I S I  4340  vs  A I S I  4340 38 33 18 
TD N i c k e l  v s  Haynes 25 
Rene 4 1  vs Rene 4 1  
A 286 V S  A 286 
Haynes 25 vs  Haynes 25 
31 
24 
2 1  
1 9  
33 
33 
33  
33  
18 
18 
18 
18 
I n  t he   above   t ab l e ,   accoun t  was t aken   o f  t h e  r e d u c t i o n  in l o a d  c a p a c i t v  clue 
t o  t h e r m a l  d i s t o r t i o n  i n  t h e  c a s e  o f  t h e  s p i r a l  g r o o v e  b e a r i n g ,  b u t  n e g l e c t e d  
i n   t h e   c a s e   o f   t h e   t i l t i n g  pad bear ing .   Fur thermore ,  no al lowance was macle 
f o r  d e s i g n  f e a t u r e s  t o  m i n i m i z e  t h e r m a l  d i s t o r t i o n s  and  hence  for  improving 
l o a d   c a p a c i t y   i n   t h e   c a s e   o f   t h e   s p i r a l   g r o o v e   b e a r i n g .  The s p i r a l   g r o c v e   b e a r -  
i ng   was ,   t he re fo re ,   j udged   t o   be   supe r io r   f rom a l o a d   c a p a c l t y   s t a n d p o l n t .  The 
s p i r a l  g r o o v e  b e a r i n g  h a s  t h e  f u r t h e r  a d v a n t a g e  o f  c o n s t r u c t i o n  s i m p i i c i t v ,  
b e i n g   e s s e n t i a l l y  a f l e x i b l y   s u p p o r t e d   a n n u l a r   p l a t e .  The t i l t i n g  pa4 t h r u s t  
b e a r i n g  on t h e  o t h e r  h a n d  r e q u i r e s  a load   equal izer   mechanism.  w h i c h  i s  t q p i c a l l y  
a double  row  of  pivoted Or f l e x u r e  s u p p o r t e d  l e v e l i n g  l i n k s .  
>k 
¶k (The  deve lopmen t  o f  such  f ea tu res ,  wh ich  wou ld  s ign i f i can t ly  r educe  the  loss  of 
l o a d  c a p a c i t y  d u e  t o  t h e r m a l  d i s t o r t i o n s , w o u l d  b e  o n e  of t h e  p r i n c i p a l  o b j e c t i v e s  
o f  t h e  f i n a l  d e s i g n  t a s k . )  
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It was n o t e d  a l s o ,  t h a t  t h e  t h e r m a l  d i s t o r t i o n s  a n d ,  h e n c e ,  t h e  loss of   load 
c a p a c i t y ,  i s  a f u n c t i o n  o f  t h e  r a t i o  o f  t h e  c o e f f i c i e n t  of the rma l  expans ion  
o f   t h e   m a t e r i a l  (a) t o  i t s  t h e r m a l   c o n d u c t i v i t y   ( k ) .   F i g u r e   6 ,   r e p r o d u c e d   h e r e  
from  Ref. 1 i s  a p l o t  o f  t h e  c a l c u l a t e d  l o a d  c a p a c i t y  v e r s u s  (a/k). 
3 .2 .2  Conclus ions   o f   the   Thrus t  ~ ~~ Bearing ~~ Screen ing  - ~ ~- ~~ Analys i s .  ~ - ~ "
In  v iew of  i t s  much h i g h e r  l o a d  c a p a c i t y  p o t e n t i a l ,  t h e  s p i r a l  g r o o v e d  t h r u s t  
b e a r i n g ,  w i t h  a f l e x u r a l l y  s u p p o r t e d  s t a t o r  was s e l e c t e d  f o r  t h e  d e t a i l e d  a n a l y s i s  
and d e s i g n .  A s  no ted   i n   Re f .  1, however ,   the   emphas is   on   th i s   des ign  would  need 
t o  b e  p l a c e d  on m a t e r i a l s  s e l e c t i o n  and d e s i g n  f e a t u r e s  t o  minimize  thermal 
d i s t o r t i o n s .  
3 . 3 .  Minimum L i f t  Off  Speed i n   t h e  . ~~ ".J o u r n a l   B e a r i n g s  
A r equ i r emen t  o f  t he  p rogram was  to  e s t ab l i sh  the  minimum c le s i r ab le  l eve l  o f  
a m b i e n t   p r e s s u r e   i n   t h e   b e a r i n g   c a v i t i e s   a t   s t a r t   u p .   I n   o r d e r   t o   e s t a b l i s h  
t h i s ,  t h e  l i f t  o f f  s p e e d  was ca l cu la t ed   a s suming  a s t a r t i n g  l o a d  o f  5 l b s  
supported  on a 2" d iame te r  x 2'' l o n g   j o u r n a l   b e a r i n g .  The c a l c u l a t i o n s   t o o k  
account  of s l i p  f l o w  a t  low a m b i e n t  p r e s s u r e s  u s i n g  t h e  method  and  clata of 
Ref .  1 7 .  The c a l c u l a t i o n s   w e r e   r e p o r t e d   i n   R e f .  1. The r e s u l t s   a r e   p l o t t e d  
in   F ig .   7 ,   r ep roduced   he re   f rom  Ref .  1. It will b e   n o t e d   t h a t   t h e   s p e e d s   r e -  
q u i r e d   t o   a c h i e v e   p i v o t   f i l m   t h i c k n e s s   i n   t h e   r a n g e  of  0.1 t o  0 .2  x 10 i n c h e s ,  
s t a r t   t o   r i s e   v e r y   s h a r p l y   a t   a m b i e n t   p r e s s u r e   b e l o w   a b o u t   1 . 6   p s i a .   T h u s ,  i t  
i s  recommended t h a t  t h e  a m b i e n t  p r e s s u r e s  i n  t h e  b e a r i n g  c a v i t i e s  be  brought 
t o  a t  l e a s t  1 . 6  o r ,  p r e f e r a b l y ,  a b o u t  2 p s i a  p r i o r  t o  h y d r o d y n a m i c  s t a r t s o  
-3  
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4 .  TRANSIENT T'HERMAL ANALYSIS 
I n  studying  the  performance  of  gas-lubricated  bearings  for  high-spee.d,  high- 
temperature  turbomachinery,  it is necessary  to  determine  both  the  transient 
and  steady-state  temperature  distributions  in  the  journal  and  thrust  bearing 
regions.  These  temperature  distributions  are used to calculate  the  corresponding 
thermal  distortions  of  the  bearing  elements and, hence, to establish  their  effect 
on the  performance  characteristics  of  the  bearings..  The  temperature  distribution 
in  any given system  will  depend on a number  of  factors  including  the  temperatures 
of the  aerodynamic  and  electrical components, the gas flow paths  and  velocities, 
the  heat  generated on the  bearing films, the  dindage losses ,  tF.r c ~ o l i n g  pro- 
visions,the  materials used, the  mechanical  design of the  mact.ine Including  the 
heat  dams and thermal  shunts and others.  Accurate  determinatlcn  of  thermal  maps 
for  the compact, high-temperature, Brayton  Cycle  machines ; s  expen-jlve  and  tlme 
consuming, however, the  calculation  procedures  and  conputer  programs required 
have  been  developed  and  are  available.  Such  thermal  maps  were obtained. for 
example, during  development  of  the  current  generation  of  Brayton C v c l e  machlne.~, 
including  the NASA's axial  flow  turbocompressor  and  the  turboalternator,  as  well 
as  the  radial  flow  turbocompressor and  the single sh-aft  Brayton Rot at  Ing Unlt 
(BRU). In all  these machines, however, either  gas or  liquid cooling was  provided 
for  each  bearing to  maintain  the  gas  bearing  temperature at or be1o.d 5OOF and  to 
minimize  thermal  gradients. 
A s  part  of  the  present study, thermal  calculations  were  made t o  determine the 
range of  bearing  temperatures and, more  importantly,  bearing  temperature  grad- 
ients  that  would  be  anticipated if the  cooling  provisions  dere  omitted.  These 
calculations  were  made  for  the  full  transient  from start-up of the machine. 
until  achievement of steady-state  thermal  distribution. An approximate  thermal 
analysis was used, as  described  below  and in Appendix A ,  since t h e  pdrpose of these 
calculations was to  investigate  the  effect  of  eliminating  bearlng  cozling  pro- 
visions on the  temperature  distribution in the  bearing  area,  rather  than on 
establishing  the  exact  thermal  maps  for a specific  machine. 
4.1 Rotor-Bearing "~ ~~~~~ Configuration ~~ Used ~~ ~ for  the  Transient  Analysis 
The  dimensions of the  rotor-bearing  system  used  for  studying  the  transient  temp- 
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e r a t u r e   o f   u n c o o l e d   j o u r n a l  and t h r u s t   b e a r i n g s   a r e  shown i n  F i g .  8 ( a ) .  It con- 
s i s t s  of a n  i n t e g r a l  s h a f t  w i t h  a t u r b i n e  d i s k  a t t a c h e d  a t  one  end  and a com- 
p r e s s o r   a t   t h e   o t h e r   e n d .  The s h a f t  i s  s u p p o r t e d   r a d i a l l y  by  two j o u r n a l   b e a r -  
i n g s  and i s  h e l d  a x i a l l y  b y  a d o u b l e - a c t i n g  t h r u s t  b e a r i n g  l o c a t e d  n e a r  t h e  com- 
p res so r   whee l .  A copper   shunt  i s  used  between  the two j o u r n a l  b e a r i n g s  i n  o r d e r  
t o  r e d u c e  t h e  l o c a l  a x i a l  t e m p e r a t u r e  g r a d i e n t  o f  t h e  s h a f t  a t  t h e  two j o u r n a l  
b e a r i n g s .  
The c h o i c e  o f  t h e  t u r b i n e  and c o m p r e s s o r  a i s k  s i z e s ,  o v e r a l l  a x i a l  d i m e n s i o n s , a n d  
j o u r n a l  and t h r u s t  b e a r i n g  s i z e s  a r e  t y p i c a l  o f  c u r r e n t  p r a c t i c e  i n  t h e  8 t o  10 KW 
NASA Brayton  cyc le  turbomachinery  developed  to  da te .  
4 . 2  Cond i t ions  and  Assumptions  of  the  Analysis 
The a n a l y s i s  was made, f o r  t h e  f o l l o w i n g  c o n d i t i o n s :  
- "" -~ 
1. The system i s  i n i t i a l l y  a t  a un i form  tempera ture   (assumed  to   be  100F) 
2 .  A t  t ime T = 0 ,  t h e   f a c e   o f   t h e   t u r b i n e   d i s k  i s  s u b j e c t e d   t o   t u r b i n e  
i n l e t  g a s  a t  1400F. (The   compressor   ou t le t   t emFera ture  was 
assumed t o  b e  250 F ) .  
3 .  Heat i s  g e n e r a t e d  i n  t h e  b e a r i n g s  a t  a r a t e  c o r r e s p o n d i n g  t o  50,000 r p m  
and f i l m  t h i c k n e s s e s  o f  0.001 i n c h e s  i n  e a c h  j o u r n a l  b e a r i n g ,  0.001 i n c h e s  
i n  t h e  a c t i v e  t h r u s t  b e a r i n g  f a c e  a n d  0.003 i n c h e s  i n  t h e  r e v e r s e  t h r u s t  
b e a r i n g  f a c e .  
The h e a t  t r a n s f e r  e q u a t i o n s  were s o l v e d r e p e a t e d l y ,  a t  time increments   o f  250 
seconds   and   the   t empera ture  map i n   t h e   s y s t e m   o b t a i n e d   f o r   e a c h   o f   t h e s e   i n c r e -  
m e n t s ,  u n t i l  s t e a d y - s t a t e  c o n d i t i o n s  were ach ieved .  
* 
The s i m p l i f i e d  h e a t  t r a n s f e r  a n a l y s i s  t h a t  was made u s e d  t h e  f o l l o w i n g  a s s u m p t i o n s .  
1. T e m p e r a t u r e   d i s t r i b u t i o n s   a r e   a x i s y m m e t r i c   ( i . e .   t h e   t e m p e r a t u r e s   a r e  
un i fo rm abou t  t he  ax i s  of  r o t a t i o n ) .  
* e x c e p t  f o r  t h e  f i r s t  250 seconds  which  were  divided  into 5 increments   o f  50 
s e c o n d s  e a c h ,  a n d  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  c a l c u l a t e d  a t  e a c h  o f  t h e s e  
inc remen t s .  
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2 .  R a d i a n t  h e a t  t r a n s f e r  was n e g l e c t e d  
3 .  The e n c l o s u r e  t e m p e r a t u r e  was t r e a t e d  a s  u n i f o r m  a t  e a c h  time s t e p  
a n d  g o v e r n e d  b y  t h e  o v e r a l l  h e a t  b a l a n c e  f o r  e a c h  time s t e p .  
4 .  The turb ine  and  compressor  wheels  were r e p r e s e n t e d  by t h i n  d i s k s  o f  
un i fo rm th i ckness .  
W r i t i n g  t h e  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n s  f o r  t h e  h e a t  t r a n s f e r  e q u a t i o n s  o f  t h e  
t u r b i n e  d i s k  and t h r u s t  b e a r i n g  i n  t h e  r a d i a l  d i r e c t i o n  and f o r  t h e  r o t o r  i n  t h e  
a x i a l  d i r e c t i o n ,  a s e t  of 3 x 3 m a t r i c e s  a r e  o b t a i n e d  and t h e  method  of  Ref.  18 
i s  u s e d  t o  c a l c u l a t e  t h e  t r a n s i e n t  t e m p e r a t u r e  d i s t r i b u t i o n  a t  e a c h  t i m e  s t e p .  
The t h e r m a l  a n a l y s i s  and t h e  d e r i v a t i o n  o f  t h e  m a t r i c e s  a r e  g i v e n  i n  A p p e n d i x  B.  
4 . 3  R e s u l t s  
F i g u r e   8 ( b )  shows t h e   t h e r m a l   c o n d u c t i v i t y  and t h e  s u r f a c e  c o n v e c t i v e  b e a t  t r a n s f e r  
c o e f f i c i e n t s   u s e d   i n   t h e   c a l c u l a t i o n .  The t h e r m a l   c o n d u c t i v i t i e s   u s e d   f o r   t h e  
r o t o r   e l e m e n t s   a r e   t h o s e   f o r  a h igh   t empera tu re   a l loy   such   a s  Rene 41" A TZM 
t h r u s t  b e a r i n g  h o u s i n g  was assumed,  s ince  TZM has  a ve ry  low v a l u e  of t h e  r a t i o  
(a/k) a n d ,   t h u s ,   s u f f e r s   v e r y  low d i s t o r t i o n  making i t  a n   e x c e l l e n t   m a t e r i a l  
o f  c o n s t r u c t i o n  f o r  t h e  s t a t o r  o f  g a s  l u b r i c a t e d  t h r u s t  b e a r i n g s  o p e r a t i n g  a t  
e l e v a t e d  t e m p e r a t u r e s  and i n  t h e  p r e s e n c e  o f  h i g h  t h e r m a l  g r a d i e n z s .  
* 
The c a l c u l a t i o n s   w e r e  made f o r   t h r e e   c a s e s .  In Case A ,  a 0 .25 ' '   t h l ck   annu la r  
c o p p e r   s h u n t   ( r   - r s )   i n   F i g u r e   8 ( a )  was  assumed  and t h e   c o n v e c t i v e   h e a t   t r a n s f e r  
c o e f f i c i e n t  on t he   back   f ace   o f   t he   t u rb ine   whee l  ( H  i n  F i g . 8 l b j )  was aswmed 
t o  b e  2 BTU/(hrxft x F) .  
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2 0  A 
The t r a n s i e n t  and s t e a d y - s t a t e  t e m p e r a t u r e  d i s t r i b u t i o n  in t h e  s h a f t  b e t w e e n  t h e  
back   face   o f   the   tu rb ine  and t h e  t h r u s t  r u n n e r  a r e  shown i n  F i g .  9 a t  250, 500,  
3000 and 5500 s e c o n d s   a f t e r   s t a r t   u p .  A t  5500 s e c o n d s ,   t h e   t e n p e r a t l r e   d i s t r i b u t i o n  
n o  l o n g e r  v a r i e s  w i t h  time and i s  c o n s i d e r e d  t o  h a v e  r e a c h d  t h e  s t e a d y - s t a t e  
c o n d i t i o n .  A s  s een  i n  F i g .  9 ,  t h e   s t e a d y - s t a t e   t e m p e r a t u r e s   f o r   b c t t .   j o a r n a l  
b e a r i n g s  are under 600 F and t h e  a x i a l  t h e r m a l  g r a d i e n t s  a r e  m o d e r a t e .  
* where ~r is t h e  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  and k is th.e thermal  
c o n d u c t i v i t y .  
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I n  a s s e s s i n g  t h e  p e r f o r m a n c e  o f  t h e  g a s  f i l m  d u r i n g  t h e r m a l  t r a n s i e n t s ,  two 
e f f e c t s  o f  t e m p e r a t u r e  g r a d i e n t s  a n d  c o n s e q u e n t  t h e r m a l  d i s t o r t i o n s  h a v e  t o  b e  
c o n s i d e r e d ,  The f i r s t  o f  t h e s e  i s  t h e   c h a n g e   i n   t h e   o p e r a t i n g   b e a r i n g   c l e a r a n c e  
d u e  t o  t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  r o t a t i n g  j o u r n a l  and t h e  b e a r i n g  
h o u s i n g  t o  w h i c h  t h e  i n d i v i d u a l  p a d s  a r e  a t t a c h e d  ( a s  we l l  as a n y  d i f f e r e n c e  i n  
t h e r m a l   e x p a n s i o n   c o e f f i c i e n t s   i f   d i s s i m i l a r   m a t e r i a l s   a r e   u s e d ) .  The f l e x u r e  
suppor t s   o f   t he   pads  and preload  mechanism, i f   any ,   have   t o   be   des igned  s o  as 
t o   c o n t r o l   t h e   c h a n g e   i n   o p e r a t i n g   c l e a r a n c e   ( a n d ,   h e n c e ,   t h e   c h a n g e   i n   p r e l o a d ) ,  
t o   k e e p  it  w i t h i n   t o l e r a b l e  limits. The second  e fEec t  i s  t h e   c h a n g e   i n   t h e  
d i f f e r e n c e  b e t w e e n  t h e  r a d i i  o f  c u r v a t u r e  o f  t h e  p a d s  a n d  o f  t h e  r o t a t i n g  
j o u r n a l ,  d u e  t o  t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  j o u r n a l  and t h e  b e a r i n g  
pads   (as  well a s  a n y  d i f f e r e n c e  i n  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  i f  d i s s i m i l a r  
m a t e r i a l s   a r e   u s e d ) .   F u r t h e r m o r e ,   t h i s   d i f f e r e n c e   i n   r a d i i   o f   c u r v a t u r e  w i l l ,  
i n   g e n e r a l ,   v a r y   a x i a l l y ,  i . e .  a l o n g   t h e   l e n g t h   o f   t h e   b e a r i n g .   F i g u r e s   1 0  and 
11 show t h e  a x i a l  t e m p e r a t u r e  d i s t r i b u t i o n s  i n  t h e  p a d s  and i n  t h e  r o t a t i n g  
j o u r n a l   a t   f o u r  time i n t e r v a l s   d u r i n g   t h e   t r a n s i e n t .  It i s  s e e n   t h a t   t h e   p a d s  
t r a c k   t h e   s h a f t   t e m p e r a t u r e   f a i r l y  wel l .  I n  no i n s t a n c e   d o e s   t h e   l o c a l  pad t o  
s h a f t   t h e r m a l   d i f f e r e n t i a l   e x c e e d  40 F .   F u r t h e r m o r e ,   t h i s   t h e r m a l   d i f f e r e n t i a l  
d o e s   n o t   e x h i b i t   w i d e   v a r i a t i o n s   a x i a l l y ,  i . e .  a l o n g   t h e   l e n g t h   o f   t h e   b e a r i n g .  
Temperatures  €n t h e  t h r u s t  r u n n e r  a n d  s t a t o r  d u r i n g  t r a n s i e n t s  a r e  p l o t t e d  i n  
F i g s .   1 2  and 13. These  curves  show t h a t   d u r i n g   s t a r t   u p ,   t h e   r o t o r  i s  c o n s i d e r a b l y  
h o t t e r   t h a n   t h e   t h r u s t   b e a r i n g .  A s  t h e   h e a t i n g   c o n t i n u e s ,   t h e   t e m p e r a t u r e   o f  
t h e  s t a t o r  c a t c h e s  up w i t h  t h e  r o t o r  t e m p e r a t u r e s  a n d  e v e n t u a l l y  r i s e s  a b o v e  i t .  
The s t a t o r  t e m p e r a t u r e  v a r i e s  v e r y  l i t t l e  i n  t h e  r a d i a l  d i r e c t i o n  b e c a u s e  o f  
t h e   h i g h   t h e r m a l   c o n d u c t i v i t y   o f  TZM. However, l a r g e   r a d i a l   t e m p e r a t u r e   g r a d i e n t  
ex is t s  i n  t h e  r u n n e r  s i n c e  m o s t  o f  t h e  h e a t  g e n e r a t e d  i n  t h e  g a s  f i l m  i s  c a r r i e d  
i n t o  t h e  s h a f t  b y  c o n d u c t i o n .  
It should  be  noted  tha t  Case  A r e p r e s e n t s  a r a t h e r  i d e a l  c o n d i t i o n  w h e r e  t h e  
t h e r m a l  s h i e l d  a t  t h e  t u r b i n e  e n d  was  assumed t o  b e  v e r y  e f f e c t i v e  and  where 
t h e   c o n d u c t i o n   t h r o u g h   t h e   s h a f t  was h i g h l y   e f f i c i e n t   b e c a u s e  of t h e   t h i c k  
copper   shunt .  
A second case, Case B, was t h e n  r u n ,  r e d u c i n g  t h e  e f f e c t i v e n e s s  o f  t h e  t h e r m a l  
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s h i e l d i n g  o f  t h e  t u r b i n e  w h e e l ,  by i n c r e a s i n g  t h e  s u r f a c e  h e a t  t r a n s f e r  c o -  
e f f i c i e n t  HA from 2 t o   10   BTU/hrx f t  x F.  The  same 0.25'' t h i c k  c o p p e r  s h u n t  
was r e t a i n e d .  
2 0  
The r e s u l t s  o f  C a s e  B i l l u s t r a t e d  i n  F i g .  1 4 ,  show t h a t  t h e  f i n a l ,  s t e a d y - s t a t e  
t e m p e r a t u r e  o f  t h e  t u r b i n e  e n d  j o u r n a l  b e a r i n g  i n c r e a s e d  t o  640 F, ( f rom i t s  
va lue  o f  580F i n  Case A ) .  
I n  Case C ,  t h e  e f f e c t  o f  c o p p e r  s h u n t i n g  i s  i n v e s t i g a t e d  b y  r e d u c i n g  i t s  t h i c k -  
n e s s   f r o m   0 . 2 5   i n c h e s   t o   0 . 0 5   i n c h e s .   O t h e r   c o n d i t i o n s   i n   C a s e  C a r e  t h e  same 
a s  Case A .   A s  shown i n   F i g .   1 5 ,   t h e   i n c r e a s e   i n   t h e r m a l   r e s i s t a n c e   i n   t h e   a x i a l  
d i r e c t i o n   c a u s e s   t h e   s t e a d y - s t a t e   s h a f t   t e m p e r a t u r e   a t   t h e   t u r b i n e   e n d   b e a r i n g   t o  
increase   f rom  about  580 F t o   a b o u t  780 F.   Moreover ,   the   temperature  r i se  a t  t h e  
c e n t e r  o f  t h e  j o u r n a l  b e a r i n g  l e n g t h  i s  more  pronounced  than  in  Case A ,  and t h i s  
w i l l  c a u s e  t h e  s h a f t  t o  c r o w n  a t  t h e  j o u r n a l  b e a r i n g  and may r educe  the  gas  
f i l m   t h i c k n e s s   a p p r e c i a b l y .  The e f f e c t   o f   s h a f t   c r o w n i n g   o n   t h e   t i l t i n g  pad 
gas  f i lm  pe r fo rmance  i s  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  5 o f  t h e  r e p o r t .  
From t h e  f o r e g o i n g  r e s u l t s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  r e a c h e d :  
a. The tempera tures  of  uncooled  journa l  and t h r u s t  b e a r i n g  c a n  b e  m a i n t a i n e d  
a t  a l e v e l  c o n s i d e r a b l y  l o w e r  t h a n  t h e  t u r b i n e  i n l e t  t e m p e r a t u r e  by 
e f f e c t i v e   t h e r m a l   s h i e l d i n g   a n d   s h u n t i n g   o f   t h e   s h a f t .   F o r   e x a m p l e ,  
t h e  maximum t e m p e r a t u r e  o f  t h e  t u r b i n e  e n d  j o u r n a l  b e a r i n g  f o r  a t u r b i n e  
i n l e t  t e m p e r a t u r e  o f  1 4 0 0  F c a n  b e  m a i n t a i n e d  i n  t h e  r a n g e  600 F - 800 F 
depending on t h e  t h e r m a l  s h i e l d i n g  and s h u n t i n g  d e s i g n ,  b u t  w i t h o u t  
e x t e r n a l  c o o l i n g .  
b .  A t  h igh   su r f ace   speeds   ( abou t  5000 i n / s e c  i n  t h e  i n s t a n c e  c o n s i d e r e d  
h e r e ) ,  t h e  t r a n s i e n t  t e m p e r a t u r e  g r a d i e n t s  are dominated  by  the  heat  
g e n e r a t e d  i n  t h e  g a s  f i l m  r a t h e r  t h a n  b y  t h e  h e a t  c o n d u c t e d  f r o m  t h e  
h o t   t u r b i n e   w h e e l .  U n d e r   s u c h   c o n d i t i o n s ,   t h e   j o u r n a l   b e a r i n g   t e m p e r a t u r e  
i s  a l w a y s  h i g h e r  t h a n  t h e  s h a f t  t e m p e r a t u r e  and t h e  m o s t  s e v e r e  a x i a l  
v a r i a t i o n  o f  t h e  t h e r m a l  d i f f e r e n t i a l  b e t w e e n  t h e  s h a f t  and b e a r i n g  
o c c u r s  a t  s t e a d y - s t a t e  r a t h e r  t h a n  a t  a n y  s t a g e s  d u r i n g  s t a r t  u p .  
c .  F o r  t h e  t h r u s t  b e a r i n g ,  t h e  v a r i a t i o n  o f  t h e  t h e r m a l  d i f f e r e n t i a l  b e t w e e n  
t h e  r u n n e r  a n d  s t a t o r  d u r i n g  s ta r t  up i s  much l a r g e r  t h a n  t h a t  i n  t h e  
j o u r n a l  b e a r i n g s .  
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5. THE FOIL SUPPORTED TILTING PAD BEARING 
Based  on t h e  r e s u l t s  o f  t h e  s c r e e n i n g  a n a l y s i s  ( d e s c r i b e d  i n  d e t a i l  i n  Ref. 1 
and  summarized i n  s e c t i o n  2 o f  t h i s  r e p o r t ) ,  t h e  " r i g i d "  j o u r n a l  b e a r i n g  c o n c e p t  
s e l e c t e d  f o r  d e t a i l e d  a n a l y s i s  was o f  t h e  t i l t i n g  pad type ,  bu t  exc luded  the  con-  
v e n t i o n a l ,   H e r t z i a n   c o n t a c t   t y p e   o f   p i v o t s .  The exc lus ion   o f   p ivo t s   hav ing  
r e l a t i v e  s l i d i n g  m o t i o n s  b e t w e e n  t h e  p a d s  and  mounts  was i n  a c c o r d a n c e  w i t h  t h e  
NASA s p e c k f i c a t i o n s  f o r  t h i s  s t u d y .  
The t i l t i n g  pad type  o f  bea r ing  was s e l e c t e d  b e c a u s e  t h e  s c r e e n i n g  a n a l y s i s  
showed i t  t o  h a v e  much h i g h e r  t o l e r a n c e  o f  t h e r m a l  d i s t o r t i o n s  t h a n  t h e  o t h e r  
b e a r i n g   t y p e s   i n v e s t i g a t e d .   F l e x u r e   m o u n t i n g   o f   t h e   i n d i v i d u a l   p a d s   w a s ,  
h o w e v e r ,   f o u n d   t o   p r o v i d e   h i g h e r   t h a n   d e s i r a b l e   r e s t r a i n t   i n   t h e   f r e e d o m   o f  
mot ion   o f   t he   pads ,   w i th   adve r se   e f f ec t s  on t h e  s t a b i l i t y  t h r e s h o l d  of t h e  
b e a r i n g .   R e v i e w   o f   o t h e r   s u p p o r t   m e a n s ,   l e d   t o   t h e   s e l e c t i o n   o f   f o i l   s u p p o r t e d  
t i l t i n g  pad b e a r i n g s .  
The f o i l  s u p p o r t s  f o r  t h e  b e a r i n g  p a d s ,  d e s c r i b e d  h e r e i n ,  o f f e r  v e r y  low re -  
s t r a i n t  t o  t h e  f r e e d o m  o f  m o t i o n  o f  t h e  p a d s  - t h e  r e s t r a i n i n g  moment i n  
e a c h  a x i s  i s  about  two o r d e r s  o f  m a g n i t u d e  s m a l l e r  t h a n  t h e  a n g u l a r  s t i f f n e s s  
o f   gas   f i lm   i n   t he   co r re spond ing   ax i s .   Thus ,   t he   dynamic   pe r fo rmance   o f   t he  
f o i l  s u p p o r t e d  b e a r i n g  s h o u l d  b e  v e r y  n e a r l y  t h e  same a s  t h a t  o f  t h e  c o n v e n t i o n a l  
p ivo ted  pad b e a r i n g .   T h i s  was a c h i e v e d   a t   t h e   c o s t  of some complex i ty   i n   des ign .  
It should  be  noted,   however ,   that   the   workto  date   on  the  design  of  a f o i l  
s u p p o r t e d  t i l t i n g  pad b e a r i n g   h a s   b e e n   e n t i r e l y   a n a l y t i c a l .  As t h e   d e s i g n  i s  
r educed   t o   p rac t i ce   t h rough   manufac tu re   and   t e s t ,   des ign   s impl i f i ca t ions   t ha t  do 
n o t   m a t e r i a l l y   r e d u c e  i t s  per formance   should   be   e f fec ted .  I t  should  be  noted 
a l s o  t h a t  t h e  s t e a d y - s t a t e  and  dynamic c h a r a c t e r i s t i c s  c a l c u l a t e d  and p r e s e n t e d  
i n  t h e  l a t t e r  p a r t  o f  t h i s  s e c t i o n  o f  t h e  r e p o r t  a r e  a p p l i c a b l e  t o  b e a r i n g s  w i t h  
c o n v e n t i o n a l  p i v o t s  a s  wel l  a s  t o  t h e  f o i l  s u p p o r t e d  t i l t i n g  pad b e a r i n g  s i n c e  
t h e  r e s t r a i n t s  on  pad m o t i o n  a r e  i n  b o t h  c a s e s  v e r y  s m a l l ,  c o m p a r e d  t o  t h e  a n g u l a r  
s t i f f n e s s e s  o f  t h e  g a s  f i l m .  
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5.1 Design Specifications 
The design specifications  established by  the NASA  for  this  study  were as follows: 
a. Shaft  diameter: 2 inches 
b.  Shaft speeds: 10,000 to 50,000 rpm 
c. Ambient temperatures: 900 F to 1400 F 
d. Temperature gradients: up to 400 F between support  mount and shaft 
e,. Unit load  (total load/length x diamter): 0 to 5 psi 
f. Ambient gas pressure: 5 to 25 psia  (compressor  inlet) 
g. Cycle fluid: air, argon and krypton 
h. Design life  objective: 50,000 hrs. 
~~ 5.2 Bearing Dimensions 
The bearing dimensions used  for  the  study  were  as  follows: 
a. Shaft diameter: 2 inches 
b. Pad  to  shaft clearance radii at design point(i.e. ratio of the  difference 
between  the pad  and shaft ratio of curvature, to  the radius  of 
curvature of the shaft): 0.0025 inches/inch. 
c. Length to diameter ratio: 1 
d. Pad wrap angle (i.e. angular  length  of pad) : 85  degrees 
e.  Pivot position (i.e. ratio of angular  distance  from  leading  edge  of 
pad  to  pointof attachment  to the  foil support, to  the  total  arc 
length  of  the pad): 0.65 
f. Pad thickness: 0.10 inches 
5.3 Details of Mechanical Design 
~~ ~ 
The final  bearing design of  the foil-supported, tilting-pad  bearing  is  detailed 
on Fig. 16. The design and materials of  construction  were  selected  to  permit 
operation  of the bearing at ambient  temperatures  as  high  as 1400 F. 
5.3.1 Bearing  Pads 
The  bearing  pads  are  of  the  conventional  four pad type,  designed to minimize 
pad inertia, similar to the ones used in  the NASA's axial flow turbocompressor 
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s imula to r  and t h e   t u r b o a l t e r n a t o r .  The  pad t h i c k n e s s  i s  0.10 inch,   which 
g ives  it ample r i g i d i t y ,  w i t h  low  pad we igh t  and  ine r t i a .  
5 . 3 . 2  Foil  Support  Design 
Each pad i s  a t t ached  t o  a n  I n c o n e l - X  f l e x u r e  s t r i p ,  0.020 i n c h e s  t h i c k  x 0.40 
inches  wide.  The pads are a t t a c h e d  t o  t h e  f o i l  t h r o u g h  a c a n t i l e v e r   t y p e  
f lexure  which  provides  the  f reedom of  mot ion  in  the  yaw d i r e c t i o n .  T h i s  c a n t i -  
l e v e r  t y p e  f l e x u r e  and t h e  method of a t tachment  are d e s c r i b e d  l a t e r  i n  t h i s  
sect ion .  
The f o i l  t y p e ,  I n c o n e l  f l e x u r e  s t r i p  p e r m i t s  movements of t h e  pad i n  b o t h  t h e  
p i t c h  and r o l l  d i r e c t i o n s .  The r e s t r a i n t  imposed  by t h e  f o i l  i n  t h e  p i t c h  
d i r e c t i o n  i s  approximately 67 i n c h l b s l r a d i a n   w h i l e   t h e   r o l l   r e s i s t a n c e  i s  
less than  18  inch lbs / r ad ian .  
The r e s t r a i n t s  were computed c o n s i d e r i n g  t h e  f o i l  as a s imply supported beam. 
I n  t h e  case o f  p i t ch ,  a beam supported a t  e i t h e r  end  (with  movable  supports) 
s u b j e c t e d   t o   a n a p p l i e d  moment a t  t h e  c e n t e r  was cons ide red .   Fo l lowing   t h i s  
a p p r o a c h  t h e  f o i l  r e s t r a i n t  i n  t h e  p i t c h  d i r e c t i o n  b e c o m e s :  
m / Q  = - E 1  = K 1 2  I P 
- bh E - i n l b  I rad 
6 
1.386 
K = 6 7  - i n l b  
P r ad  
where: m = appl'ed moment ( i n . l b s )  
8 = a n g u l a r   d i s p l .   ( r a d . ) .  
d = f o i l   e n g t h   b e t w e e n   s u p p o r t s   ( i n c h e s )  
E = f o i l  modulus of e l a s t i c i t y   ( l b s l i n  ) 
I = c r o s s   e c t i o n a l   i n e r t i a   ( i n  ) 
b = f o i l   w i d t h   ( i n )  
h = f o i l   t h i c k n e s s   ( i n  ) 
2 
4 
3 
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a p p l i e d  moment a c r o s s   t h e   w i d t h   o f   t h e   f o i l .   F o r   t h i s  case:  
M 
" - 0.33 G h3b 
8 a /  2 = K R  
where G i s  t h e  f o i l  t o r s i o n  m o d u l u s  ( l b l i n  ) / r a d i a n  2 
0 . 3 3 ~ 1 1 . 5 ~ 1 0  x2  x ~ O - ~ X O  .4 6 3  Hence, 
K R =  0.693 
I n  t h e  r o l l  d i r e c t i o n  o f  t h e  p a d ,  t h e  f o i l  was t r e a t e d  as a c a n t i l e v e r  w i t h  a n  
a n g u l a r  
KR = 18 i n . l b s / r a d i a n  
T h e s e  a n g u l a r  r e s t r a i n t s  of t h e  f o i l  s u p p o r t s  are s m  a l l  compared t o  t h e  
s t i f f n e s s e s  o f  t h e  f l u i d  f i l m .  For t h e  2" d i ame te r  x 2" l o n g   b e a r i n g   c o n s i d e r e d  
h e r e ,  t h e  v a l u e s  o f  t h e  f l u i d  f i l m  s t i f f n e s s  o f  t h e  p a d s  a t  50,000 rpm i n  t h e  p i t c h  
d i r e c t i o n  r a n g e d  f r o m  2 4 1 0  i n l b s l r a d i a n  f o r  t h e  p r e l o a d  p a d s  t o  9 3 8 0  i n l b s l r a d i a n  
f o r   t h e   o t h e r   p a d s .   I n   t h e   r o l l   d i r e c t i o n ,   t h e   c o r r e s p o n d i n g   f l u i d   f i l m   s t i f f n e s s  
f o r  e a c h  pad r a n g e d   f r o m   3 7 2 0   i n l b s l r a d i a n   f o r   t h e   p r e l o a d   p a d s   t o   1 7 , 2 5 0   i n l b s /  
r a d i a n   f o r   t h e   l o a d e d   p a d s .   T h u s ,   t h e   r e s t r a i n t s   o f f e r e d   b y   t h e   f o i l   o r   t h e   p i t c h  
and r o l l  d i r e c t i o n s  are small c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  f i l m  s t i f f n e s s e s  
and  should p e r m i t  a c c u r a t e  t r a c k i n g  of r o t o r  o r b i t s ,  as r e q u i r e d  f o r  s t a b l e  
o p e r a t i o n .  The f o i l   s u p p o r t  i s ,  h o w e v e r ,   r e l a t i v e l y   r i g i d   i n   t h e  yaw d i r e c t i o n .  
Freedom  of   mot ion   of   the   pads   in   the  yaw d i r e c t i o n  i s  i m p o r t a n t  p r i n c i p a l l y  
f r o m  t h e  s t a n d p o i n t  o f  p e r m i t t i n g  a c c u r a t e  a l i g n m e n t  o f  t h e  p a d s  b o t h  a t  assembly 
and   fo l lowing   t he rma l   cyc l ing .   Whe the r   o r   no t  spec ia l  p r o v i s i o n s   f o r   i n s u r i n g  
low r e s t r a i n t  i n  t h e  yaw d i r e c t i o n  are  necessa ry  i s  n o t  r e a d i l y  d e t e r m i n a b l e  i n  
a des ign   s tudy   such  as  t h e   p r e s e n t   o n e .   E x p e r i m e n t a l   e v a l u a t i o n   o f   t h e   b e a r i n g  
would   be   des i rab le  a t  e l e v a t e d   t e m p e r a t u r e s   a n d   u n d e r   t h e r m a l   c y c l i n g .   F o r   t h e  
purpose   o f   the   p resent   des ign   s tudy ,   however ,  a p r o v i s i o n   f o r   a n g u l a r   f r e e d o m   o f  
t h e  p a d s  i n  t h e  yaw d i r e c t i o n  h a s  b e e n  p r o v i d e d  by a t t a c h i n g  e a c h  pad t o  i t s  f o i l  
suppor t   t h rough  a f l e x u r e   p i v o t  as  i l l u s t r a t e d   i n   F i g .   1 6 .   T h i s   f l e x u r e  i s  made 
of  Rene 41 f o r   h i g h   t e m p e r a t u r e   o p r a t i o n .  It permits   f reedom  of   motion  of   the pad 
i n  t h e  yaw d i r e c t i o n  w i t h  a r e s t r a i n t  o f  1 . 6  i n . l b s / r a d i a n .  The f l e x u r e  i s  
r a t e d  f o r  i n f i n i t e  l i f e  when c y c l e d  w i t h i n  5 0 . 0 8  r a d i a n s  u n d e r  t h e  f u l l  pad load .  
T h e   f l e x u r e  i s  r a t e d  a t  60   l b s .   l oad ,   wh ich  i s  w e l l  above   the  maximum pad load  
* The p a i r  o f   ad j acen t   pads   wh ich  are suppor t ed   on   r ad ia l   sp r ings   (See   F ig .   16 )  
* 
* ;k 
are r e f e r r e d  t o  h e r e  as t h e   " p r e l o a d "   p a d s   s i n c e   t h e i r   s p r i n g   s u p p o r t s   s e r v e  
t o  impose a r a d i a l  p r e l o a d  o n  t h e  b e a r i n g .  
o p e r a t i o n  are  o f   t h eo r d e r   o f  t   r a d i a n s .  
** The a c t u a l  yaw o s c i l l a t i o n s  o f  t h e  p a d s  o r  a t i l t i n g  p a d ,  g a s  b e a r i n g  i n  
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of 34 l b s .  (maximum e x t e r n a l   l o a d   p l u s  maximum p r e l o a d ) .  The a t t achmen t  of t h e  pad 
f l e x u r e  i s  by e l e c t r o n  beam welding.'   The  assembly i s ,  i n  t u r n ,  e l e c t r o n  beam welded 
t o  t h e  0.020 i n c h e s  t h i c k  b y  0.40 i nches  wide  Incone l  X f o i l  which has  been pre-  
formed t o  t h e  n e c e s s a r y  s h a p e .  
I n  o r d e r  t o  i n s u r e  l o n g  l i f e  a t  e l e v a t e d  t e m p e r a t u r e s ,  t h e  s t r e s s e s  i n  t h e  f o i l  
and s u p p o r t  members were ma in ta ined   be low  10 ,000   p s i .  A c r e e p  r a t e  wel l  below 
p e r c e n t  p e r  1000 hour s  i s  g i v e n  i n  t h e  m a n u f a c t u r e r s '  l i t e r a t u r e  on t h e  
s e l e c t e d  m a t e r i a l s  a t  1 2 0 0  F f o r  p e r i o d s  t o  10,000 h o u r s ,  a t  t h e  d e s i g n  v a l u e s  of 
stress l e v e l s .  
5 . 3 . 3  Preload  Design 
To comple t e   t he  pad a s s e m b l y ,   t h e   f l e x i b l e   p r e f o r m e d   f o i l   s h e e t  i s  a s semble$   t o  
p i n s   a t   e i t h e r   e n d .  The p i n   a t   o n e   e n d  i s  p r e s s e d   i n  a c lamp   a rm.   Essen t i a l ly  
th i s   c l amp ,   wh ich   con ta ins  a t h r e a d e d   s t u d   a t   t h e   o t h e r   e n d ,   p e r m i t s   a d j u s t m e n t  
of  t h e  pad p o s i t i o n .   T h i s  i s  accompl i shed   by   chang ing   t he   ad jus t ing   cap   pos i t i on  
on the   th readed   sc rew.  By t h r e a d i n g   t h e   c a p   f u r t h e r  on t o  t h e  sc rew,   the  pad 
w i l l  move rad ia l ly  inward  and  unscrewing  it w i l l  move t h e  pad r a d i a l l y  o u t w a r d .  
A dummy s h a f t ,  o r  t h e  f i n a l  s h a f t ,  c o n t a i n i n g  d i s c s  t o  s i m u l a t e  t h e  c o m p r e s s o r  
and tu rb ine  whee l s  may b e  a s s e m b l e d  i n  t h e  b e a r i n g s  and p o s i t i o n e d  t o  r u n n i n g  
pos i t ion   wi th   sh ims   be tween  the   wheel  OD and hous ing  I D  a t  e i t h e r  e n d .  The ad- 
j u s t i n g  c a p  f o r  e a c h  o f  t h e  b o t t o m  p a d s  c a n  a d j u s t  t o  p o s i t i o n  t h e  p a d s  i n  c o n t a c t  
w i t h   t h e   s h a f t .  The uppe r   pad   ad jus t ing   caps   a r e   u sed   t o   ad jus t   t he   compressed  
h e i g h t   o f   t h e   p r e l c a d   s p r i n g s   t o   i n s u r e  a h i g h   p r e l o a d .   A f t e r   a l l   t h e   a d j u s t i n g  
c a p s   a r e   l o c k e d   i n t o   p o s i t i o n ,   a n   u n l o a d i n g   b e l l o w s  i s  i n s t a l l e d  on  the  preloaded 
u p p e r   p a d s .   P r e s s u r e   a p p l i e d   t o   t h e   b e l l o w s   i n c r e a s L s   t h e   p r e l o a d   t o   t h e  
d e s i r e d  v a l u e .  
The p r e l o a d  s p r i n g  h a s  a s t r e s s  of 50,860 p s i  a t  room t empera tu re  and approximately 
39,000 p s i  a t  1400 F. Th i s  i s  w e l l   w i t h i n   m a t e r i a l  s t r e s s  c a p a b i l i t i e s   o v e r  
t he   t empera tu re   r ange   a l though  some s p r i n g  r e l a x a t i o n  may be  encountered  over  
p e r i o d s  i n  e x c e s s  of 1000 hour s   a t   t empera tu res   above   1200  F .  
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A 20 p e r c e n t  c h a n g e  i n  s p r i n g  p r e l o a d  h e i g h t  f r o m  m a t e r i a l  c r e e p ,  w i l l  r e s u l t  i n  
a 2 l b .  r e d u c t t o n  i n  l o a d ,  f o r  a des ign  va lue  o f  p re load  o f  abou t  16  lb s ,  wh ich  
w i l l  n o t  i m p a i r  o p e r a t i o n .  
A f u r t h e r  c h a n g e  i n  p r e l o a d  i s  p o s s i b l e  d u e  t o  t h e r m a l  g r a d i e n t s  b e t w e e n  s h a f t  
and   the   hous ing   mount ing   po in t .  Due t o   t h e   f a c t ,   t h a t   t h e   b o t t o m   p a d s   a r e   f i x e d ,  
t h e   u p p e r p a d s   m u s t   a s s u m e   a n y   r e q u i r e d   v a r i a t i o n s .  It should  be  noted,   however ,  
t h a t   h i g h   s h a f t   t e m p e r a t u r e s  w i l l  c ause   h igh  pad t e m p e r a t u r e s   s u c h   t h a t   h e  
most s i g n i f i c a n t   g r a d i e n t  w i l l  o c c u r   p r i m a r i l y   a l o n g   t h e   f o i l   s u p p o r t .  If t h e  
a v e r a g e  f o i l  t e m p e r a t u r e  i s  assumed t o  f a l l  midway b e t w e e n  t h e  s h a f t  t e m p e r a t u r e  
and the  hous ing  t empera tu re ,  t hen  the  change  in f o i l  l e n g t h  n e c e s s i t y  t o  a c c e p t  
a 400 F t e m p e r a t u r e   d i f f e r e n t i a l   b e t w e e n   h o u s i n g  and s h a f t  is .16 x 10   i nches .  
T h i s  i m p l i e s  t h a t  t h e r e  e s s e n t i a l l y  is no  change i n  p r e l c a d  d u e  t o  t h e r m a l  
g r a d i e n t s   a t   s t e a d y   s t a t e   c o n d i t i o n s .   C o n s e q u e n t l y ,  i t  was assumed t h a t   u n d e r  
t r a n s i e n t  c o n d i t i o n s  t h e  r e q u i r e d  c h a n g e  i n  f o i l  l e n g t h  r e m a i n e d  b e l o w  1 x 1 0  
i n c h e s ,  r e p r e s e n t i n g  a load  change  of  3 . 5  l b s .  
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I n  o r d e r  t o  m a i n t a i n  t h e  pad n a t u r a l  p i t c h i n g  f r e q u e n c y  a b o v e  t h e  o p e r a t i n g  s p e e d ,  
i t  i s  n e c e s s a r y   t o   m a i n t a i n   t h e  pad p re load   above   12   l b s .   Cons ide r ing   bo th  
long term c r e e p  and t h e  v e r y  h i g h  r a d i a l  t e m p e r a t u r e  g r a d i e n t s ,  t h e  d e s i g n  m a i n t a i n s  
t h i s  minimum r e q u i r e d   p r e l o a d .  It i s  a l s o   d e s i r a b l e   t o   m a i n t a i n   t h e   p r e l o a d   b e l o w  
20  l b s  t o  l i m i t  t h e  pad e c c e n t r i c i t y  and  power l o s s .  The d e s i g n   a l s o   f a l l s   w i t h i n  
t h i s  r equ i r emen t  up t o  a r a d i a l  t e m p e r a t u r e  d i f f e r e n t i a l  o f  200 F between  the pad 
and t h e  f o i l  s u p p o r t  i f  t h e  i n i t i a l  p r e l o a d  i s  s e t  at 1 6   l b s .  
5.4 T i l t i n g  Pad Journa l  Bea r inq  Ana lys i s  
The  methods i n  d e t e r m i n i n g  t h e  s t e a d y - s t a t e  p e r f o r m a n c e  o f  a m u l t i - p a d  t i l t i n g  
pad jou rna l   bea r ing   have   been   h igh ly   deve loped   (Ref s .  3 , 4 , 5 ) .  A common procedure 
i s  t o  f i r s t  c a l c u l a t e  c h a r t s  f o r  t h e  p e r f o r m a n c e  o f  t h e  i n d i v i d u a l  pad  and t h e n  t o  
de t e rmine  the  mul t i -pad  pe r fo rmance  o f  t he  to t a l  j ou rna l  bea r ing  by i n t e r p o l a t i o n  
o f  t h e s e  d a t a  m a n u a l l y  o r ,  more g e n e r a l l y ,  u s i n g  a computer ized  procedure .  
Whi le   the   above   convent iona l   p rocedure   works  wel l  f o r  a n  u n d i s t o r t e d  p a d ,  i t  
becomes  omewhat i m p r a c t i c a l  f o r  p a d s  w i t h  a d i s to r t ed  geomet ry  ma in ly  because  
f o r  e a c h  d i s t o r t e d  g e o m e t r y ,  a new set of pad d a t a  is  r e q u i r e d  i n  o r d e r  t o  
de t e rmine  the  mul t i -pad  jou rna l  bea r ing  pe r fo rmance  fo r  a g i v e n  o p e r a t i n g  
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c o n d i t i o n .   I f   p e r f o r m a n c e   o f   s e v e r a l   d i s t o r t e d   p a d s  i s  t o   b e   c a l c u l a t e d ,  
t h e   q u a n t i t y  of i n d i v i d u a l  pad d a t a   n e e d e d  w i l l  be   enormous .   For   th i s   reason ,  
a n  a l t e r n a t i v e  a p p r o a c h  was a d a p t e d  h e r e  t o  c a l c u l a t e  d i r e c t l y  t h e  s t e a d y - s t a t e  
p e r f o r m a n c e  o f  t h e  c o m p l e t e  f o i l  s u p p o r t e d  t i l t i n g  pad j o u r n a l  b e a r i n g .  
B r i e f l y ,  t h e  a l t e r n a t i v e  method s o l v e s  t h e  d y n a m i c s  o f  t h e  s i n g l e  pad  by 
c o n s i d e r i n g   t h e   c e n t e r   o f   s h a f t   t o   b e   f i x e d .  The a t t i t u d e   o f   t h e   p a d  i s  d e s c r i b e d  
b y  t h e  r a d i a l  d i s p l a c e m e n t  o f  t h e  p i v o t  p o s i t i o n ,  t h e  p i t c h  a n g l e ,  and t h e  r o l l  
a n g l e ,  a l l  of  which are  c a l c u l a t e d   s i m u l t a n e o u s l y   w i t h   t h e   g a s   f i l m   f o r c e s   a n d  
moments,  which are gove rned   by   t he   t r ans i en t   Reyno lds   equa t ion .   Fo r  a g iven  
l o a d ,  p i t c h  and r o l l  m o m e n t s ,  t h e  p r o g r a m  c a l c u l a t e s  t h e  e q u i l i b r i u m  a t t i t u d e  
o f  t h e  pad  from a g i v e n  i n i t i a l  a t t i t u d e  f r o m  t h e  pad equat ions   o f   mot ion  and t h e  
t r a n s i e n t   g a s   f i l m   e q u a t i o n .   T h i s   a p p r o a c h   f o r   s e e k i n g   s t e a d y - s t a t e   s o l u t i o n s  
i s  expens ive  in  compute r  time because  a time consuming ,  ma t r ix  inve r s ion  i s  
r e q u i r e d  a t  each  time s t e p   t h r o u g h   t h e   t r a n s i e n t .  It i s ,  however,   the  most 
p r a c t i c a l  method t o  u s e ,  when t h e  t h e r m a l  d i s t o r t i o n  o f  t h e  i n d i v i d u a l  p a d s  h a s  
t o   b e   c a l c u l a t e d  and f a c t o r e d   w i t h   t h e   b e a r i n g   p e r f o r m a n c e   c a l c u l a t i o n s .   F u r t h e r -  
more ,   recent   advances   in   deve lopment   o f  a s e m i - i m p l i c i t  m e t h o d  f o r  t r e a t i n g  t h e  
time t r a n s i e n t  g a s  l u b r i c a t i o n  e q u a t i o n  ( R e f .  1 9 ) ,  h a v e  r e s u l t e d  i n  a b o u t  a n  o r d e r  
o f   magn i tude   r educ t ion   i n   compute r  time r e q u i r e m e n t s .   F o r   t h e   t h e r m a l l y   d i s t o r t e d  
p a d s ,   t h e   p e r f o r m a n c e   f o r   t h e   m u l t i - p a d   b e a r i n g ,   i n c l u d i n g   t h e r m a l   d i s t o r t i o n  
e f f e c t s ,  i s  ob ta ined   by   t he   fo l lowing   s t eps   wh ich  are b u i l t  i n t o  t h e  c o m p u t e r  
program: 
1. Ca lcu la t e   t he   i nd iv idua l   l oad   imposed  on each  pad   f rom  the   p rescr ibed   load  
and   t he   p re load ,  by v i r t u e  o f  s t a t i c s .  
2 .  C a l c u l a t e  t h e  t h e r m a l l y  d i s t o r t e d  f i l m  s h a p e  t h a t  r e s u l t s  f r o m  t h e  
a x i a l  t h e r m a l  g r a d i e n t s  i n  t h e  s h a f t  a n d  b e a r i n g  p a d s ,  as we l l  as t h e  
r a d i a l   t e m p e r a t u r e   g r a d i e n t   a c r o s s   t h e   p a d s .   T h e s e   t h e r m a l .   g r a d i e n t s  
h a v e  t o  b e  o b t a i n e d  s e p a r a t e l y  f r o m  a the rma l  map of  t h e  b e a r i n g  r e g i o n  
i n  w h i c h  t h e  h e a t  f l o w  t h r o u g h  t h e  r o t o r  a n d  b e a r i n g s  a n d  t h e  h e a t  
g e n e r a t i o n   i n   t h e   b e a r i n g   f i l m  are i n c l u d e d .   ( T e m p e r a t u r e   d i f f e r e n c e s  
be tween   t he   sha f t  and t h e   b e a r i n g   h o u s i n g ,   p r o d u c e  a c h a n g e  i n  t h e  
b e a r i n g   p r e l o a d .   T h i s  i s  s e p a r a t e l y   c a l c u l a t e d   a n d   t h e   b e a r i n g   p e r -  
f o r m a n c e  c a l c u l a t i o n s  a r e  c o n d u c t e d  f o r  t h e  c o r r e c t e d  v a l u e  o f  p r e l o a d ) .  
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3 .  C a l c u l a t e  t h e  a t t i t u d e  a n g l e s ,  f i l m  t h i c k n e s s  and p r e s s u r e  d i s t r i b u t i o n s  
fo r   t he   l oaded   pads  and t h e  p r e l o a d  p a d s ,  i n  t h e i r  t h e r m a l l y  d i s t o r t e d  
shapes .  
4 .  C a l c u l a t e  t h e  c h a n g e  i n  p i t c h  a n g l e  f o r  a p e r t u r b e d  p i t c h  moment t o  
d e t e r m i n e  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  g a s  f i l m - p a d  i n  t h e  p i t c h  mode. 
5. C a l c u l a t e  t h e  c h a n g e  i n  r o l l  a n g l e  f o r  a p e r t u r b e d  r o l l  moment t o  
d e t e r m i n e  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  g a s  f i l m - p a d  i n  t h e  r o l l - m o d e .  
6.  C a l c u l a t e  t h e  c h a n g e  i n  r a d i a l  d i s p l a c e m e n t  o f  t h e  s h a f t  f o r  a p e r -  
t u r b e d  b e a r i n g  l o a d  t o  d e t e r m i n e  t h e  t o t a l  r a d i a l  s t i f f n e s s  o f  t h e  
j o u r n a l   b e a r i n g  . 
7 .  C a l c u l a t e  t h e  v i s c o u s  l o s s  f o r  e a c h  pad  and sum up t o  o b t a i n  t h e  h o r s e -  
power l o s s  o f  t h e  e n t i r e  j o u r n a l  b e a r i n g .  
The d e t a i l s  o f  t h i s  a n a l y s i s  a r e  i n c l u d e d  i n  A p p e n d i x  B. 
5.5 Performance Maps 
A t o t a l   o f  11 c a s e s   w e r e   s t u d i e d   f o r   t h e   t i l t i n g - p a d   j o u r n a l   b e a r i n g .  The 
c o n d i t i o n   f o r   e a c h   c a s e  i s  l i s t e d  i n   T a b l e  1. D i s c u s s i o n s   o f   t h e s e   c a s e s  
a r e  g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n s .  
5 .5 .1  R2ference  Case 
F i g u r e s  1 7  and 18 show t h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  f o r  a Refe rence  case  wi th  
wh ich   t he   o the r   ca ses   a r e   compared .  Two s e t s  o f   c u r v e s   a r e   p r e s e n t e d   i n   t h e s e  
f i g u r e s .  The s o l i d   c u r v e s   a r e   f o r   u n d i s t o r t e d   p a d s  and t h e   d o t t e d   c u r v e s   a r e  
f o r   t h e r m a l l y   d i s t o r t e d   s u r f a c e s .  The t h e r m a l   d i s t o r t i o n s   a r e   c a l c u l a t e d  by 
u s i n g  t h e  s t e a d y - s t a t e  t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  t h e  j o u r n a l  b e a r i n g s  i n  
F i g s .   1 0  and 11. It  i s  s e e n   t h a t   t h e   d i s t o r t i o n s   e v e n   f o r   t h e s e   f a i r l y   p r o -  
nounced  the rma l  g rad ien t s  have  ve ry  sma l l  i n f luence  upon  the  pe r fo rmance  o f  
t h e   t i l t i n g  pad b e a r i n g .   T h i s   f u r t h e r   c o n f i r m s   t h e   c o n c l u s i o n   i n   t h e   s c r e e n -  
i n g  a n a l y s i s  t h a t  t h e  f r e e d o m  o f  t h e  p a d s  t o  r o l l  and p i t ch  p rov ides them wi th  a 
v e r y  h i g h  t o l e r a n c e  t o  t h e r m a l  d i s t o r t i o n s .  
The p i v o t  f i l m  t h i c k n e s s  o f  t h e  l o a d e d  a s  w e l l  as the  p re load  pads  inc reases  
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w i t h  t h e  s p e e d  a n d  g r a d u a l l y  t a p e r s  o f f  a b o v e  50,000 rpm d u e  t o  t h e  c e n t r i f u g a l  
g r o w t h   o f   t h e   s h a f t   a n d   t h e   c o m p r e s s i b i l i t y   e f f e c t   o f   t h e   l u b r i c a n t .   F o r  
s p e e d s   g r e a t e r   t h a n   2 0 , 0 0 0   r p m ,   t h e   p i v o t   f i l m   f o r   t h e   l o a d e d  pad i s  above 
0 . 0 0 0 5   i n c h e s .   T h e   r a d i a l   f i l m   s t i f f n e s s   f o r   t h e   4 - p a d   c o n f i g u r a t i o n  i s  
s y m m e t r i c  i n  a l l  d i r e c t i o n s  a n d  d e c r e a s e s  w i t h  s p e e d .  
Both  the  t rend  and  the  magni tude  of  the  power loss  c u r v e  a g r e e  well w i t h  t h o s e  
c a l c u l a t e d  i n  F i g .  11-4 of  Ref.  2 f o r  a fou r -pad   bea r ing   ope ra t ing   unde r  com- 
p a r a b l e  c o n d i t i o n s .  
I n  F i g .  18, t h e  r a t i o  o f  t h e  r e s o n a n t  t o  t h e  o p e r a t i n g  f r e q u e n c i e s  was p l o t t e d  
f o r   t h e   l o a d e d  as wel l   a s   t he   p re load   pads   bo th  in t h e  p i t c h  and i n  t h e  r o l l  
modes. The f r e q u e n c y  r a t i o  i n  t h e  r o l l  mode i s  shown t o   b e   a l w a y s   s l i g h t l y  
h i g h e r   t h a n   t h e   p i t c h   f r e q u e n c y   r a t i o .  A t  l ower   speeds ,   t hese   r e sonan t  
f r e q u e n c i e s   a r e   a l l   f a r   a b o v e   t h e   r u n n i n g   f r e q u e n c y .  As the   speed   approaches  
50,000 rpm,  b o t h  t h e  p i t c h  and r o l l  f r e q u e n c y  r a t i o s  o f  t h e  p r e l o a d  p a d s  may 
h a v e  t o  b e  i n c r e a s e d  s l i g h t l y  i n  o r d e r  t o  make t h i s  r a t i o  g r e a t e r  t h a n  u n i t y .  
The d a t a  f o r  a h i g h e r   p r e l o a d  w i l l  b e  p r e s e n t e d  l a t e r .  On t h e   o t h e r   h a n d ,  i t  
has  been  demons t r a t ed  bo th  expe r imen ta l ly  and a n a l y t i c a l l y  i n  R e f s .  2 and 6 
t h a t  t h e  p r e l o a d  p a d s  c a n  o p e r a t e  n e a r  t h e  p i t c h  o r  r o l l  r e s o n a n t  f r e q u e n c y  
w i t h o u t   l a r g e   a m p l i t u d e   o s c i l l a t i o n s   b e c a u s e   o f   t h e  gas f i lm  damping ,  so t h a t  a n  
i n c r e a s e  i n  p r e l o a d  s h o u l d  n o t  b e  n e c e s s a r y .  
5 . 5 . 2  E f f e c t  o f  A m b i e n t  P r e s s u r e .  
Case B ( F i g s .  19 and  20)  shows t h a t  when the   ambien t   p re s su re  i s  increased   f rom 
15 t o  25 p s i a ,  t h e  f i l m  t h i c k n e s s  and t h e  power l o s s  i m p r o v e s   s l i g h t l y   w i t h   t h e  
h i g h e r  a m b i e n t ,  b u t  a l l  o t h e r  p e r f o r m a n c e  c u r v e s  r e m a i n  e s s e n t i a l l y  t h e  same a s  
the  Refe rence  case .  
___” 
The i n f l u e n c e  o f  a r e d u c t i o n  o f  a m b i e n t  p r e s s u r e  f r o m  1 5  t o  5 p s i a  a s  shown 
i n   t h e   c u r v e s   f o r  Case C ( F i g s .  2 1  and  22) seems t o   b e   s t r o n g .   P i v o t   f i l m  
t h i c k n e s s e s   a r e   s e v e r e l y   r e d u c e d ,  and t h e  power l o s s e s   a r e   c o r r e s p o n d i n g l y  
i n c r e a s e d ,  r e l a t i v e  t o  t h e  R e f e r e n c e  c a s e , a t  a l l  s p e e d s .  
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5 . 5 . 3  E f f e c t s  of  Bearing  Load 
Cases  D and E (F igs .  23 through 26) give  the  perEormance  for  a 10 pouncl b e a r i n g  
load a t  a m b i e n t   p r e s s u r e   e q u a l   t o   1 5  and 25 p s i a .  As e x p e c t e d ,   t h e   f r i c t i o n a l  
l o s s  a n d  t h e  p i v o t  f i l m  t h i c k n e s s  a r e  i m p r o v e d  w i t h  t h e  b e a r i n g  l o a d  r e d u c e d  by 
h a l f .   T h e r e  i s  a s l i g h t r e d u c t i o n i n   t h e   r e s o n a n t   f r e q u e n c y r a t i o   f o r   t h e   l o w e r   l o a d e d  
pads.  The c a s e   o f   v e r t i c a l   o p e r a t i o n   o r   z e r o   b e a r i n g   l o a d  i s  p l o t t e d  i n  F i g .  27 .  
5 . 5 . 4  E f f e c t  o f  V i s c o s i t y  
Case G ( F i g s .  28  and  29)  shows t h a t  t h e  i n c r e a s e  i n  v i s c o s i t y  f r o m  6 t o  8 x 10  
l b . s e c / i n   i n t r o d u c e s   t h e   e x p e c t e d   c h a n g e   i n   p e r f o r m a n c e .  The f i l m   t h i c k n e s s   f o r   t h e  
loaded  pads i s  h i g h e r  a n d  t h e  f r i c t i o n h o r s e p o w e r  a l s o  i n c r e a s e s  by about  30 percent ,  
compared  with  the  Reference  case.  
-9  
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5 . 5 . 5  ~~ E f f e c t   o f   C l e a r a n c e   R a t i o  
In   Case  H ( F i g s .  30 and  31) t h e  i n f l u e n c e  of r educ ing   t he   mach ined- in   c l ea rance  
r a t i o  i s  s e e n  t o  be s i g n i f i c a n t ,  p a r t i c u l a r l y  a t  h i g h e r  s p e e d s  w h e r e  t h e  c e n t r i -  
fuga l   g rowth  i s  l a r g e .  A t  50 ,000  rpm, t h e   p i v o t   c l e a r a n c e   r e d u c e s   t o   a b o u t   h a l f   t h a t  
f a t h e  Reference  case,   and  the power l o s s  a l s o  i s  doub led   fo r   t hese   sma l l  
c l e a r a n c e s .  However, t h e   r e s o n a n t   f r e q u e n c y   r a t i o  i s  much improved a t   h i g h   s p e e d s  
f o r  t h e  p r e l o a d  p a d s .  
The e f f e c t  of  i n c r e a s e  i n  c l e a r a n c e  r a t i o  a t  a p re load  of 20 pounds  instead 
of 1 2  pounds i s  shown in   Case  I ( F i g s .  32  and 33) .   This   case  should  be  compared 
with  Case J (Figs .   34   and   35)   ins tead  of  the   Reference   case   because   o f  t h e  change 
i n   p r e l o a d .  A s  e x p e c t e d ,   t h e   f i l m   t h i c k n e s s   a n d  power loss  a r e  improved  with  the 
l a r g e r  m a c h i n e d  i n  c l e a r a n c e  r a t i o .  
5 .5 .6  Ef fec t  o f  P re load  
With a 12  pound  preload, i t  was f o u n d  t h a t  t h e  p i t c h  a n d  r o l l  r e s o n a n t i n g  
f r equenc ie s   o f   t he   p re load   pads   a r e   ve ry   c lose   t o   t he   runn ing   f r equency  
a t  speeds   approaching   50 ,000  rpm.  Case J shows t h e   r e s o n a n t i n g   f r e q u e n c y  
r a t i o s  o f  t h e s e  p a d s  c a n  b e  i n c r e a s e d  by  more t h a n  5 0  p e r c e n t  a t  5 0 , 0 0 0  rpm 
i f   t h e   p r e l o a d  i s  r a i sed   f rom  12   pounds   t o  20 pounds.  However, t h e   i n c r e a s e  
o f  p r e l o a d  a l s o  r e d u c e s  t h e  p i v o t  f i l m  t h i c k n e s s  o f  a l l  p a d s ,  anc' t h i s  r e s u l t s  
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i n  a p p r o x i m a t e l y  a 3 0  p e r c e n t  i n c r e a s e  i n  power loss .  
The   pe r fo rmance   unde r   ve r t i ca l   ope ra t ion   w i th  a pre load   of  20 pounds i s  shown 
i n  F i g .  3 6 .  
5.5.7 Ef fec t  o f  The rma l  Di s to r t ion  
I n  C a s e  A ,  the   performance  of  a t h e r m a l l y  d i s t o r t e d  t i l t i n g  pad j o u r n a l  b e a r i n g  
was c a l c u l a t e d  and   compared   wi th   the   undis tor ted   journa l   bear ing .  It was 
shown t h a t  t h e  t h e r m a l  d i s t o r t i o n s  o f  a n  u n c o o l e d  t i l t i n g  pad b e a r i n g ,  i n  t h a t  
c a s e ,  d i d  n o t  h a v e  a s i g n i f i c a n t  i n f l u e n c e  o n  t h e  p e r f o r m a n c e .  
It i s  now o f  i n t e r e s t  t o  d e t e r m i n e  how the  loaded  pad w i l l  behave when 
more s e v e r e l y   d i s t o r t e d .  A s t u d y  of t h e   t r a n s i e n t  and s t e a d y - s t a t e   t e m p e r a t u r e  
d i s t r i b u t i o n  r e v e a l s  t h a t  t h e r m a l  d i s t o r t i o n s  come f rom  two   sou rces ,   t he   ax i a l  
t h e r m a l  g r a d i e n t  o f  t h e  s h a f t  ( r e f e r r e d  t o  a s  t h e  c o n i n g  t e m p e r a t u r e  d i s t r i b u t i o n )  
and  the r i s e  o f  s h a f t  t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  b e a r i n g  ( r e f e r r e d  t o  a s  
t h e   c r o w n i n g   t e m p e r a t u r e   d i s t r i b u t i o n ) .   T y p i c a l   c o n i n g   a n d   c r o w n i n g   t h e r m a l  
c o n d i t i o n s   a r e  shown i n   F i g .   3 7 .  The p i v o t  and minimum f i l m   t h i c k n e s s   p l o t t e d  
as Figs .   38  and  39 a r e  f o r  t h e  o p e r a t i n g  c o n d i t i o n s  u s e d  f o r  t h e  R e f e r e n c e  c a s e  
a t  50,000 rpm.  From F i g .  38, i t  can   be   s een   t ha t   bo th   t he   p ivo t  and t h e  minimum 
f i l m  t h i c k n e s s  a r e  n o t  much a f f e c t e d  b y  t h e  c o n i n g  o f  t h e  s h a f t  e v e n  w i t h  a n  
a x i a l   t h e r m a l   g r a d i e n t   o f   1 0 0   F / i n .   T h i s   r e s u l t  i s  n o t   s u r p r i s i n g   s i n c e   t h e  
pad i s  f r e e  t o  r o l l  and t h e  r o l l i n g  c o m p e n s a t e s  f o r  t h e  c o n i n g  o f  t h e  s b a f t .  
The r educ t ion  o f  p ivo t  and minimum f i l m  t h i c k n e s s e s  d u e  t o  c r o w n i n g  o f  t h e  
s h a f t ,  as seen  i n  F i g .  39,  i s  q u i t e   l a r g e .   F o r  a c rowning   tempera ture  r ise  of 
100' F ,  approx ima te ly  40 percent  of  t .he  pivot  and minimum f i l m  t h i c k n e s s e s  a r e  
l o s t  b y  s h a f t  c r o w n i n g .  
The above r e s u l t s  c o n f i r m  t h e  p h y s i c a l l y  e v i d e n t  r e s u l t  t h a t  c r o w n i n g  o f  t h e  
s h a f t  h a s  a much s t r o n g e r  e f f e c t  on  bea r ing  f i lm  th i ckness  than  does  a coning 
t y p e   o f   d i s t o r t i o n .  The r e a s o n   f o r   t h i s ,   a s   e a r l i e r   n o t e d ,  i s  t h a t   t h e   b e a r i n g  
pads r o l l  a b o u t  t h e i r  p o i n t s  o f  s u p p o r t  t o  m a i n t a i n  a l i g n m e n t  w i t h  t h e  s h a f t  
when  when i t  e x h i b i t s  a l i n e a r   c o n i n g   t y p e  of  d i s t o r t i o n ,  b u t  t h e y  c a n n o t  
c o m p e n s a t e  a s  r e a d i l y  f o r  a c rowning  type  o f  d i s to r t ion  wh ich  invo lves  a 
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c u r v a t u r e   o f   t h e   j o u r n a l   o r   b e a r i n g   s u r f a c e s   i n   t h e  ax ia l  d i r e c t i o n .   F i g u r e s  
37,  38 and  39 are  u s e f u l  i n  t h a t  t h e y  p e r m i t  r e a d y  a s s e s s m e n t  o f  t h e  e f f e c t s  o f  
t h e s e  two t y p e s  o f  d i s t o r t i o n s  o n  t h e  b e a r i n g  f i l m  t h i c k n e s s e s  o n c e  t h e  t e m p e r a t u r e  
g r a d i e n t s  a n d ,  h e n c e ,  t h e  pad d i s t o r t i o n s  c a n  b e  e s t i m a t e d .  
It s h o u l d  b e  n o t e d  t h a t  i n  t h e  case o f  t h e  b e a r i n g s  c o n s i d e r e d  h e r e ,  t h e  maximum 
g r a d i e n t s  o r  t e m p e r a t u r e  d i f f e r e n c e s  c a l c u l a t e d  i n  t h e  a p p r o x i m a t e  t h e r m a l  a n a l y s i s  
g i v e n  i n  S e c t i o n  4 were as f o l l o w s ,  
t e m p e r a t u r e   g r a d i e n t   i n c l u d i n g   c o n i n g :  50 F / i n c h  
t e m p e r a t u r e   d i f f e r e n t i a l   i n d u c i n g   c r o w n i n g :  40 F 
The maximum t e m p e r a t u r e  d i f f e r e n t i a l  c a u s i n g  c r o w n i n g  was found i n  t h e  case 
( F i g .   1 5 )   w h e r e   t h e   c o p p e r   s h u n t   t h i c k n e s s  was r e d u c e d   t o  0.05 inches.   Even 
a t  t h i s  c o n d i t i o n ,  a n d  w i t h o u t  a l l o w i n g  f o r  t h e  f a c t  t h a t  some crowning  of  
t h e   p a d s   a l s o   o c c u r   w h i c h   c o m p e n s a t e s   i n   p a r t   f o r   t h e   s h a f t   c r o w n i n g ,  Fig. 39 
shows t h a t  t h e  l o s s  o f  p i v o t  p o i n t  f i l m  t h i c k n e s s  r e l a t i v e  t o  a n  u n d i s t o r t e d  
pad i s  on ly   abou t   80p   i nches ,  ( i . e .  hpivot= 0 . 6 9 ~ 1 0 - ~  i n c h e s  f o r  t h e  u n d i s t o r t e d  
case a n d   0 . 6 1 ~ 1 0   i n c h e s   f o r  a 40 F c r o w n i n g   t e m p e r a t u r e   r i s e ) .  -3 
The  crowning  temperature r i s e  i s  d u e  p r i n c i p a l l y  t o  t h e  h e a t  g e n e r a t e d  i n  t h e  
b e a r i n g  f i l m  and i t  c a n  b e  r e d u c e d  i n  t h e  s h a f t  b y  u s e  o f  t h e  c o p p e r  s h u n t  i n  t h e  
j o u r n a l  r e g i o n .  
The  above r e s u l t s ,   h o w e v e r ,  are e n c o u r a g i n g  i n  t h a t  t h e y  i n d i c a t e  t h e  w i d e  
t o l e r a n c e  of t i l t i n g  pad g a s  b e a r i n g s  t o  t h e  p r e s e n c e  o f  t h e r m a l  g r a d i e n t s .  
5 . 5 . 8  Gas F i l m  S t a b i l i t y  
I n  h i g h  s p e e d  r o t a t i n g  m a c h i n e r y ,  i t  i s  n o t  uncommon t o  e n c o u n t e r  r o t o r  w h i r l .  
When t h e  a m p l i t u d e s  a s s o c i a t e d  w i t h  t h e  w h i r l  become l a rge  ( comparab le  fo r  
example ,   t o   t he   magn i tude   o f   t he  minimum f i l m  t h i c k n e s s )  so  t h a t  t h e  s a f e t y  of 
the  equipment  i s  endangered ,  i t  b e c o m e s  n e c e s s a r y  t o  c o r r e c t  t h e  c o n d i t i o n s  t h a t  
g i v e  r i s e  t o   t h e   w h i r l .   B a s i c a l l y ,   t h e s e   c o m p r i s e   ( a )   i d e n t i f y i n g   a n d   e l i m i n a t i n g  
o r  a t  l eas t  r e d u c i n g   t h e   s o u r c e   o f   e x c i t a t i o n   o r ,   ( b )   m a k i n g   d e s i g n   c h a n g e s   t o  
c o n t r o l  t h e  w h i r l  a m p l i t u d e  b y  p r o v i d i n g  a d d i t i o n a l  d a m p i n g .  
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I n  i d e n t i f y i n g  t h e  s o u f c e  o f  w h i r l  e x c i t a t i o n ,  i t  i s  n e c e s s a r y  t o  d i f f e r e n t i a t e  
b e t w e e n  f o r c e d  e x c i t a t i o n  and s e l f  e x c i t a t i o n .  
I n  t h e  f i r s t  case, t h e  r o t o r  i s  f o r c e d  i n t o  w h i r l  i n  r e s p o n s e  t o  e x c i t a t i o n  
which i s  l a r g e l y   i n d e p e n d e n t ' o f   t h e   w h i r l   a m p l i t u d e .   E x a m p l e s   a r e : :   r o t o r  mass 
u n b a l a n c e ,  u n b a l a n c e d  m a g n e t i c  f o r c e s  i n  e l e c t r i c a l  m a c h i n e r y  and unbalanced pressure 
f o r c e s   i n   a e r o d y n a m i c   c o m p o n e n t s .   U s u a l l y ,   t h i s   t y p e   o f   e x c i t a t i o n   a s s o -  
c i a t e d  w i t h  a c l e a r l y  i d e n t i f i a b l e  f r e q u e n c y  ( s y n c h r o n o u s  i n  t h e  c a s e  o f  r o t o r  
unba lance ,  some m u l t i p l e  o f  t h e  e l e c t r i c a l  f r e q u e n c y  i n  e l e c t r i c a l  m a c h i n e r y ,  
o r  some m u l t i p l e  o f  t h e  number o f  s t r u t s ,  d i s c h a r g e  p o r t s  or d i s symmet ry   i n   t he  
aerodynamic   pa th   in   tu rbomachinery) .  The r e m e d i e s   a r e :   t o   r e d u c e  t h e  e x c i t a t i o n a l  
f o r c e   ( b e t t e r   b a l a n c i n g ,   m o d i f i c a t i o n s   i n   t h e   m a g n e t i c   f i e l d ,   " s m o o t h i n g "   t h e  
a i r  p a s s a g e s ,  e t c ) , t o  d e t u n e  t h e  s y s t e m  ( i . c . b y  s t i f f e n i n g  t h e  r o t o r  o r  c h a n g i n g  t h e  
s t i f f n e s s   o f   t h e   b e a r i n g s )  or p rov ide   su f f i c i en t   damping   t o   r educe   t he   ampl i tude  
t o  a c c e p t a b l e  l imi t s ,  
I n  t h e  c a s e  o f  s e l f - e x c i t a t i o n ,  t h e  r o t o r  a x i s  d o e s  n o t  h a v e  a s t a b l e  e q u i l i b r i u m  
p o s i t i o n .  The r o t o r  i s  i n  a condi t ion   where ,   once  i t  g e t s  away f r o m   t h e   e q u i l i -  
b r i u m  p o s i t i o n ,  d;le t o  a n y  s m a l l  d i s t u r b a n c e ,  e n e r g y  wlll b e  f e d  i n t o  t b e  
w h i r l i n g   o f   t h e   r o t o r ,  and the   ampl i tude  w i l l  b u i l d   u p   r a p i d l y . ,  T h i s  ene rgy  
n o r m a l l y   d e r i v e s   f r o m   t h e   d r i v e   t o r q u e ,   b u t  t h e  s o u r c e  r e s p o n s i b l e  f o r  t h e  s e l f -  
e x c i t a t i o n  i s ,  of  course,   the  mechanism  which I S  c a p a b l e  o f  c o n v e r t i n g  " r o t a t i o n  
energy"  into  "whir l   energy".   Since  damping i s  commonly accep ted  as a "mechanism" 
which  ex t r ac t s  ene rgy  f rom a v i b r a t i o n ,  w h e r e a s  s e l f - e x c i t a t i o n , a s  j u s t  d i s c u s s e d ,  
implies t h a t  e n e r g y  1 s  s u p p l i e d   t o   t h e   v b b r a t f o n ,   o n e  may s a y  t h a t  t h e  "mechanism" 
r e s p o n s i b l e   f o r   s e l f - e x c i t e d   w h i . r l   b e h a v e s   a s  a " n e g a t i v e  damping".  Thus:, a t  t h e  
t h r e s h o l d  o f  s e l f - e x c i t a t i o n ,  t h e  o v e r a l l  s y s t e m  darnping i s  z e r o ,  and t h e  r o t o r  
w i l l  t e n d  t o  w h i r l  w i t h  a f r e q u e n c y  e q u a l  t o  i t s  l o w e s t  n a t J r a l  f r e q u e n c y ,  
n a m e l y ,  t h e  f i r s t  c r i t i c a l  s p e e d ,  s i m i l a r l y  t o  t h e  r e s p o n s e  t o  a n  undampecl 
r e sonance .   Th i s  i s  t y p i c a l  of mos t   fo rms   o f   s e l f - exc i t ed   wh l r l ,  and i t  i s  one  of 
t h e  c r i t e r i a  u s e d  i n  i d e n t i f y i n g  t h i s  t y p e  o f  e x c i t a t i o n .  
Thus,   one  obvious way of   overcoming  se l f -exc i ted   .whi r l  i s  t o  p r o v i d e  s u f f i c i e n t  
a d d i t i o n a l  damping t o  n e u t r a l i z e  t h e  amount   of   negat ive  damping  der iving  f rom  the 
s o u r c e   o f   t h e   s e l f - e x c i t a t i o n .  'When t h i s  i s  n o t   f e a s i b l e ,   o r   c a n   o n l y  be  done 
t o  a l i m i t e d  e x t e n t ,  i t  i s  n e c e s s a r y  t o  i d e n t i f y  t h e  s o u r c e  a n d  f i n d  o t h e r  
c o r r e c t i v e  m e a s u r e s  
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The  most common "mechanism" o f  s e l f - e x c i t e d  w h i r l  i s  h y d r o d y n a m i c  i n s t a b i l i t y ,  
e n c o u n t e r e d i n  some f l u i d  f i l m  b e a r i n g s .  Such bea r ings   have   "nega t ive  damping" 
f o r  w h i r l  f r e q u e n c i e s  less t h a n  a p p r o x i m a t e l y  h a l f  o f  t h e  r o t a t i o n a l  f r e q u e n c y  
which  means t h a t  i n s t a b i l i t y  may b e  e n c o u n t e r e d  a t  r o u g h t l y  twice t h e  f i r s t  
c r i t i c a l   s p e e d .   H e n c e ,   h i g h - s p e e d   r o t o r s   e m p 1 o y " a n t i - w h i r l "   b e a r i n g s   o f   w h i c h  
t h e  t i l t i n g  pad j o u r n a l   b e a r i n g  i s  a t y p i c a l   e x a m p l e .   I f   t h e   i n e r t i a   o f   t h e   p a d s  
and t h e  f r i c t i o n  o f  t h e  p i v o t s  a r e  i g n o r e d ,  t h i s  b e a r i n g  i s  " i n h e r e n t l y "  s t a b l e  
and f o r  t h i s  r e a s o n ,  t h i s  b e a r i n g  t y p e  i s  the  most  commonly used  one  fo r  h igh -  
s p e e d  r o t o r s ,  e s p e c i a l l y  i n  g a s - l u b r i c a t e d  m a c h i n e r y .  
R e c e n t   i n v e s t i g a t i o n s   ( e . g .   R e f s .  7 and 8) have shown t h a t  when t h e  pad i n e r t i a  
i s  i n c l u d e d  i n  t h e  a n a l y s i s ,  t h e  t i l t i n g  pad g a s - l u b r i c a t e d  b e a r i n g  h a s  a f i n i t e  
s t a b i l i t y   t h r e s h o l d .   T h i s   c a l c u l a t e d   s t a b i l i t y   t h r e s h o l d  i s ,  h o w e v e r ,   r e l a t i v e l y  
h i g h  b e i n g  of t h e  o r d e r  o f  100,000 rpm fo r  t yp ica l  compac t ,  space  power Brayton 
cyc le  mach ines  tha t  have  been  run  to  da t e ,  such  a s  the  dynamic  s imula to r  o f  t he  
a x i a l   f l o w   t u r b o c o m p r e s s o r   d e s c r i b e d   i n   R e f .   2 .  By making some assumptions 
r e g a r d i n g  t h e  f r i c t i o n  r e s t r a i n t  i n  b e a r i n g  p i v o t s  o r  by o therwise  impos ing  
r e s t r a i n t s  o n  t h e  p a d s ,  t h e  c a l c u l a t e d  s t a b i l i t y  t h r e s h o l d  c a n  b e  r e d u c e d  down 
t o   t h e   o r d e r   o f  50,000 rpm o r  less.  Exper imen ta l ly ,   a l so ,   sub - synchronous  
w h i r l   h a s   b e e n   o b s e r v e d ,   e . g .   i n   t h e   a x i a l   f l o w   t u r b o c o m p r e s s o r   s i m u l a t o r   a s  
d e s c r i b e d   i n   R e f .   2 ,   a s   w e l l   a s   i n   t h e   r a d i a l   f l o w   g a s   g e n e r a t o r   d e v e l o p e d  
e l s e w h e r e   f o r   t h e  NASA. I n   b o t h   t h e s e   c a s e s ,   t h e   w h i r l  was e f f e c t i v e l y  
suppres sed   by   r educ ing   t he   ope ra t ing   c l ea rance  of t h e  b e a r i n g ,  i . e .  by i n c r e a s -  
i n g  t h e  l e v e l  of p r e l o a d .  
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A t  p r e s e n t ,  h o w e v e r ,  t h e  s t a t e - o f - t h e - a r t  o f  s t a b i l i t y  a n a l y s i s  o f  t i l t i n g  pad 
g a s  b e a r i n g s  i s  l a g g i n g  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  and i t  has  been  use fu l  
p r i n c i p a l l y  i n  e x p l o r i n g  p o s s i b l e  c a u s e s  o f  o b s e r v e d  i n s t a b i l i t i e s  - a f t e r  t h e  
i n s t a b i l i t i e s   a r e   o b s e r v e d   i n   p a r t i c u l a r   m a c h i n e s .   A c c o r d i n g l y ,   a t   t h i s  time, 
t h e  s t a b i l i t y  t h r e s h o l d  maps p repa red  f rom the  expe r imen ta l  obse rva t ions  du r ing  
development and opera t ion   of   the   ax ia l   f low  turbocompressor   s imula tor   (and   g iven  
i n  F i g s .  I V - 1 5  t o  IV-17  of  Ref.2) were u s e d  t o  e s t a b l i s h  t h e  maximum o p e r a t i n g  
b e a r i n g   c l e a r a n c e   a t   w h i c h   s t a b l e   o p e r a t i o n  i s  e x p e c t e d .  Based  on t h i s  d a t a ,  
which was obtained with a 2 .125" diameter  bear ing and a ro to r  we igh t  o f  approx i -  
ma te ly  11 l b s  t h e  maximum o p e r a t i n g  d i a m e t r a l  c l e a r a n c e  a l l o w a b l e  w i t h o u t  i n c u r r i n g  
sub- synchronous   ro to r   wh i r l  was 2 .3  mils a t  s p e e d s  up t o  50,000 rpm. T h i s  l i m i t  has  
b e e n  o b s e r v e d  f o r  t h e  c a s e s  p r e s e n t e d  i n  t h e  f i e l d  m a p s .  
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6 .  DESIGN OF  CONFORMABLE JOU-RJWL BEARING 
F o r  t h e  c o n f o r m a b l e  j o u r n a l  b e a r i n g ,  t h e  t h r e e - f o i l  j o u r n a l  b e a r i n g  c o n c e p t  h a s  
been selected f o r   t h e   d e t a i l e d   a n a l y s i s  and d e s i g n .   T h i s   f o i l   b e a r i n g  i s  
d e s i g n e d   a c c o r d i n g   t o   t h e  same s p e c i f i c a t i o n s  as t h o s e  g i v e n  e a r l i e r  ( i n  S e c t i o n  
5.2)  f o r  t h e  t i l t i n g  pad j o u r n a l  b e a r i n g .  
6 . 1  BearinP Dimensions 
The  ma jo r  d imens ions  fo r  t he  th ree - fo i l  bea r ing  desc r ibed  and a n a l y z e d  h e r e i n  
were : 
a .   S h a f t   d i a m e t e r :  2.00 i n c h e s  
b .   Length   o f   o i l :   2 .00   inches  
c .  Number o f   o i l s :  3 
d .  Th ickness   o f   fo i l :   0 .001   i nch  
e .  F o i l   w r a p   a n g l e :  60 d e g r e e s  
f .  One f o i l  p r e l o a d e d  
6 . 2   D e t a i l s  of Foi l -Bear ing   Mechanica l  ~ ~- Design 
The f o i l  b e a r i n g  d e s i g n  u n d e r w e n t  s e v e r a l  p r o g r e s s i v e  c h a n g e s  b e f o r e  a r r i v i n g  
a t   t h e   c o n f i g u r a t i o n  shown  on F i g .  40.  I n i t i a l l y ,   t h e   a p p r o a c h  was t o  u t i l i z e  
t h r e e   s e p a r a t e   f o i l s   e a c h   s u p p o r t e d  on a hammock-type s l ing   suppor t   sys t em.   Fo r  
h i g h   t e m p e r a t u r e   o p e r a t i n n ,  a des ign  s t ress  l i m i t  of  15,000 p s i  was s e l e c t e d  
f o r  t h e  mount s u p p o r t  s y s t e m  t o  i n s u r e  t h a t  l o n g  term creep  could  be  main ta ined  
w i t h i n   d e s i g n   c o n t r o l .   T h i s ,   h o w e v e r ,   r e s u l t e d   i n   s u p p o r t  wires of   3/16  inch 
d i a m e t e r  o r  g r e a t e r  w h i c h  r e d u c e d  t h e  s u p p o r t  s y s t e m  f l e x i b i l i t y  e x c e s s i v e l y .  
A t  lower   temperatures ,   where s t resses  o f   6 0 , 0 0 0   p s i   c o u l d   b e   t o l e r a t e d ,   t h e   s l i n g  
t y p e  m o u n t i n g  c o n f i g u r a t i o n  a p p e a r s  t o  o f f e r  d i s t i n c t  a d v a n t a g e s  i n  a l i g n m e n t  
c a p a b i l i t y .  A t  temperatures   above 600 F ,   t h e   f l e x i b i l i t y   o f   t h i s   s u p p o r t   s y s t e m  
d i m i n i s h e s  and other  methods of  mounting the f o i l  b e a r i n g  become  more a t t r a c t i v e .  
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An i m p o r t a n t ,  p r a c t i c a l  d e s i g n  p r o b l e m  t h a t  bec-ame q u i c k l y  a p p a r e n t  i n  t h e  
p r e s e n t   d e s i g n   s t u d y   ( a n d   w h i c h   h a s   i n   f a c t   m a t e r i a l i z e d   i n   c a s e s   w h e r e   f o i l  
b e a r i n g s  h a v e  b e e n  b u i l t  and t e s t e d  ) i s  t h a t  o f  t h e  e n d  c o n n e c t i o n s  o f  t h e  f o i l .  
38 
The end  connec t ions  must  be  achieved  wi thout  c r imping  the  fo i l  o r  o therwise  
c a u s i n g  i t  t o  d e f o r m  o r  b e  n o n - u n i f o r m l y  s t r e s s e d  a l o n g  i t s  w i d t h .  P a r t l y  t o  
r e d u c e  t h e  number o f  end  connec t ions ,  and  a l so  because  o f  o the r  des ign  s impl i -  
f i c a t i o n s ,  a s i n g l e  s t r i p  i s  u s e d  t o  c o n s t i t u t e  a l l  t h r e e  p a d s .  A somewhat 
s i m i l a r  a r r a n g e m e n t  was independent ly  deve loped  and  i s  b e i n g  u s e d  i n  a n o t h e r ,  
m o r e  f u n d a m e n t a l ,  a n a l y t i c a l  a n d  e x p e r i m e n t a l  s t u d y  o f  f o i l  l u b r i c a t e d  j o u r n a l  
b e a r i n g s  c o n d u c t e d  b y  a n o t h e r  c o n t r a c t o r  f o r  t h e  NASA (Ref.  9 ) .  
I n  the s i n g l e ,  c o n t i n u o u s  f o i l  d e s i g n  c o n c e p t  t h a t  was c o n s i d e r e d  h e r e ,  a n d  
which i s  i l l u s t r a t e d  i n  F i g .  40,  t h e  f o i l  i s  l o o s e l y  t h r e a d e d  t h r o u g h  t h e  p i n s  
and-  a dummy s h a f t  i s  i n s t a l l e d  a n d  shirmned t o  e s t a b l i s h  t h e  s h a f t  c e n t e r .  T h e  
t e n s i o n  o n  t h e  l o o s e l y  i n s t a l l e d  f o i l  is t h e n  i n c r e a s e d  t o  two  pounds so t h a t  
t h e  f o i l  s e c u r e l y  c o n t a c t s  t h e  s h a f t  c i r c u m f e r e n c e .  The  two  bottom f o i l   s e g m e n t s  
a r e   t h e n   l o c k e d   i n   p o s i t i o n   t o   p r e v e n t   f u r t h e r   m o t i o n .   N e x t ,   t h e   p r e l o a d   o f  
e igh t  pounds  is  a p p l i e d  t o  t h e  u p p e r  f o i l  s e g m e n t  t h r o u g h  t h e  s p r i n g  s y s t e m .  
T h i s  i n s u r e s  t h a t  a l l  t h e  f o i l  s e g m e n t s  a r e  m a i n t a i n e d  i n  t e n s i o n ,  w h i l e  p e r m i t t i n g  
f r e e d o m   f o r   s h a f t   r a d i a l   a n d   t h e r m a l   g r o w t h .   F o r   s m a l l   s h a f t   d i a m e t e r   c h a n g e s  
(up t o  .005 i n c h e s  r a d i a l l y ) ,  a n  a p p r o x i m a t e  1 t o  1 cor re spondence  ex is t s  between 
r a d i a l   d i m e n s i o n a l   s h a f t   c h a n g e   a n d   f o i l   l e n g t h   c h a n g e .   T h i s   i m p l i e s   t h a t   t h e  
maximum c h a n g e  i n  f o i l  l e n g t h  w i l l  no t  exceed  p lus  o r  minus  "002 i n c h e s  d u e  t o  
c e n t r i f u g a l  g r o w t h  o r  t o  r a d i a l  t h e r m a l  g r a d i e n t s  up t o  500 F p e r  i n c h .  U t i l i z i n g  
a f o i l  t e n s i o n  p r e l o a d  s p r i n g  o f  500 p o u n d s  p e r  i n c h  s p r i n g  r a t e ,  r e s u l t s  i n  a 
maximum p o s s i b l e  c h a n g e  i n  t e n s i o n  o f  p l u s  o r  minus one pound. 
The complete  bear ing assembly i s  mounted  on a g i m b a l  c o n f i g u r a t i o n  c o n s i s t i n g  o f  
two sets  o f  f l e x u r a l  p i v o t s .  T h e  p i v o t a l  r e s t r a i n t  o f  t h e s e  f l e x u r e s  i s  22 i n c h  
pounds  pe r  r ad ian ,  wh ich  i s  v e r y  s m a l l  i n  c o m p a r i s o n  w i t h  t h e  a n g u l a r  s t i f f n e s s  o f  
t h e   b e a r i n g .  The b e a r i n g s ,   t h e r e f o r e ,   s h o u l d   b e   q u i t e   c a p a b l e   o f   m a i n t a i n i n g  
a l ignmen t   unde r   t he rma l   g rad ien t   cond i t ions .   The  maximum l o a d  c a p a b i l i t i e s  o f  t h e  
f l e x u r e s  is  above 300 pounds which i s  a p p r o x i m a t e l y  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r  
t h a n  t h e  r e q u i r e d  c a p a c i t y .  
The f o i l  i t s e l f  h a s  a t e n s i l e  stress of  approximate ly  4800 p s i  w h i c h  r e p r e s e n t s  
t h e  h i g h e s t  stress e l e m e n t  i n  t h e  d e s i g n .  Above 1000 F ,  t h e  f o i l  may b e  s u b j e c t  
t o  l o n g  t e r m  c reep .   The   pre load   spr ing   can   accommodate  some c h a n g e  i n  f o i l  
l eng th   and   consequen t ly  some c r e e p  may b e   t o l e r a t e d .   B e c a u s e  of t h e  l i m i t e d  
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material  d a t a  a t  e l e v a t e d  t e m p e r a . t u r e ,  i t  i s  i m p o s s i b l e  t o  p r e d i c t  l i f e  
a c c u r a t e l y .  However, t h e   d e s i g n   s h o u l d   b e   s u i t a b l e   f o r  a l i f e  i n  excess o f  
1 0 0 0  h o u r s  a t  e l e v a t e d  t e m p e r a t u r e ,  i n  e x c e s s  o f  1 0 0 0  F ,  and   cons ide rab ly   l onge r  
l i f e  a t  t e m p e r a t u r e  b e l o w  1000 F .  
S t a r t i n g  and s t o p p i n g  
o f  t he  poor  compa t ib i l  
s h a f t   m a t e r i a l s .  The 
u s e d   i n   r i g i d   s u r f a c e  
T h e r e f o r e ,   h y d r o s t a t i c  
o p e r a t i o n  on t h e  f o i l  i s  p r e s e n t l y  a problem because 
i t y  o f  s u i t a b l e  f o i l  m a t e r i a l s ,  s u c h  a s  I n c o n e l  X and   the  
a p p l i c a t i o n  o f  c o a t i n g s  t o  i m p r o v e  c o m p a t i b i l i t y ,  a s  
b e a r i n g s  w o u l d  g r e a t l y  r e d u c e  t h e  f o i l  f l e x i b i l i t y .  
j a c k i n g  i s  u t i l i z e d ,   s u p p l y i n g   t h e   j a c k i n g   g a s   t h r o u g h  
t h e   c e n t e r   o f   t h e   s h a f t .  A s i n g l e  s e t  o f   o r i f i c e   h o l e s   l o c a t e d   c e n t r a l l y   u n d e r  
t h e  f o i l  w i d t h  i s  utilized, A s  soon as a s e l f - g e n e r a t e d   f i l m  i s  prcduced 
d u r i n g  o p e r a t i o n ,  t h e  j a c k i n g  g a s  may b e  s h u t  o f f .  
6 .3  M u l t i - P a d ,  F o i l  J o u r n a l  B e a r i n g  Analysj-s 
I n  a r e c e n t   i n d e p e n d e n t ,   e x p e r i m e n t a l   s t u d y  of e l a s t o h y d r o d y n a m i c   l u b r i c a t i o n  
o f  i n d i v i d u a l  f o i l  b e a r i n g s  ( R e f .  l o ) ,  v e r y  good  agreement was obtalned  between 
t h e   m e a s u r e d   a n d   p r e d i c t e d   f i l m   t h i c k n e s s   d i s t r i b u t i o n s ,   T h l s   e n h a n c e s  
t h e  c o n f i d e n c e  i n  u s i n g  e x i s t i n g  f o i l  b e a r i n g  t h e o r y ,  w h i c h  i s  g i v e n  i n  R e f s . ,  11 
and 1 2 .  To c a l c u l a t e   t h e   p e r f o r m a n c e   o f   t h e   p r e s e n t   t h r e e - f o i l   j o u r n a l   b e a r i n g ,  
t he   t heo ry   o f   Re f .  11, f o r  a n  i n f i n i t e l y  l o n g  f o i l  i n c l u d i n g  t h e  c o m p r e s s i b i l i t y  
e f f e c t s ,   h a s   b e e n   a d o p t e d .   U s i n g   t h e   r e s u l t s   i n   R e f .  13,  an   ana lys i s   and   conpu t -  
er  program were p repa red  t o  de t e rmine  rhe  minimum f i l m  t h i c k n e s s ,  t h e  r a d i a l  
s t i f f n e s s  and  the power l o s s  of   mul t i -pad   Dear ing .  In t h i s  a n a l y s r s ,   t h e   e f f e c t s  
o f   t he   t he rma l   d i f f e ren t i a l   be tween   t he   moun t ing  and t h e  j o u r n a l ,  and t h e  e f f e c t s  
o f  t h e  f o i l  e l a s t i c i t y  on t h e  r a d i a l  s t i f f n e s s  were a l l  i n c l u d e d . .  The f o i l  b e a r i n g  
a n a l y s i s  u s e d  h e r e  i s  f o r  a t h r e e  "pad" b e a r i n g  w i t h  two  pads  f ixed.  
B r i e f l y ,   t h e   a n a l y s i s   i n v o l v e s   f i r s t   c a l c u l a t i n g   t h e   r a d i a l   l o a d   e x e r t e d   u p o n  
each pad   f rom  the   p rescr ibed   pre load  and t h e   l o a d   a p p l i e d  on t h e   j o u r n a l  
bear ing .   Wi th   the   load   upon  each  pad g i v e n ,  a s e t  o f   equa t ions  i s  t h e n   d e r i v e d  
t o  s o l v e  f o r  t h e  f o i l  t e n s i o n ,  t h e  w r a p p i n g  a n g l e ,  t h e  n o m i n a l  g a s  f i l m  t h i c k -  
ness,  and t h e   d i s p l a c e m e n t   o f   t h e   s h a f t .   T h e s e   e q u a t i o n s   a r e   d e r i v e d   f r o m   t h e  
g e o m e t r y  o f  t h e  s y s t e m , f r o m  t h e  e l o n g a t i o n  o f  t h e  f o i l  d u e  t o  s t r e t c h i n g  and 
t h e r m a l  e x p a n s i o n ,  a n d  f r o m  t h e  i n f i n i t e l y  l o n g ,  f l e x i b l e  f o i l  t h e o r y  o f  R e f .  11. 
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- A  s l i g h t  n o n - l i n e a r i t y  i n  t h e s e  e q u a t i o n s  n e c e s s i t a t e s  t h e  u s e  o f  a i t e r a t i v e  
p r o c e d u r e   t o   s o l v e   f o r   t h e   a b o v e   q u a n t i t i e s .  However, t he   conve rgence   o f   t hese  
e q u a t i o n s  i s  e x t r e m e l y   r a p i d .  The s t i f f n e s s   e x p r e s s i o n s   i n   a n y  two mutua l ly  
o r t h o g o n a l  d i r e c t i o n  are t h e n  d e r i v e d  a n a l y t i c a l l y  by a small p e r t u r b a t i o n  o f  
l o a d  i n  t h e s e  d i r e c t i o n s .  The d e r i v a t i o n  o f  t h e  a n a l y s i s  i s  inc luded   in   Appendix  C .  
6.4 Performance Maps 
A l t o g e t h e r   1 0   c a s e s   h a v e   b e e n   s t u d i e d   f o r   t h e   t h r e e - p a d   f o i l   j o u r n a l   b e a r i n g .  The 
o p e r a t i n g  c o n d i t i o n s  u s e d  f o r  e a c h  c a s e  a n d  t h e  m a j o r  r e s u l t s  o b t a i n e d  f r o m  t h e  
c o m p u t e r   p r o g r a m   a r e   l i s t e d   i n   T a b l e  2 .  The performance maps f o r  t h e s e  c a s e s  
a r e   p l o t t e d  o n   F i g s .   4 1   t o   5 2 .   T h e s e   p e r f o r m a n c e   c u r v e s   i n c l u d e   t h e  minimum 
f i l m  t h i c k n e s s  o f  t h e  l o a d e d  a s  w e l l  a s  t h e  p r e l o a d  f o i l  s e g m e n t s ,  t h e  power l o s s , a n d  
t h e  r a d i a l  s t i f f n e s s  of t h e  j o u r n a l .  
6 .4 .1  Effec t  of  Ambient  Pressure  
Cases A ,  B and C show t h e  e f f e c t  o f  t h e  a m b i e n t  p r e s s u r e  a t  a pre load  of  8 
pounds  and a bear ing   load   of  20 pounds. A t  50,000 rpm, t h e  minimum f i l m   t h i c k n e s s  
f o r  t h e  l o a d e d  f o i l  i s  v e r y  s m a l l ,  i n  t h e  o r d e r  o f  0 . 2  mils and less ,  and the   min i -  
mum f i l m   f o r   t h e   p r e l o a d e d   u p p e r   f o i l  i s  in   the   ne ighborhood  of   ha l f  a m i l .  The 
nomina l   f i lm  i s  about  1.4 t i m e s   t h e  minimum f i lm.   Because   o f   these  small f i l m  
t h i c k n e s s e s ,   t h e  power l o s s e s  a r e  shown t o   b e   v e r y   h i g h .  A t  5 ps ia   ambient  
t h e  power l o s s  becomes 0.6  hp  which i s  more t h a n  twice o f  t h a t  of t h e  t i l t i n g  
pad b e a r i n g .  The s t i f f n e s s e s  i n  two m u t u a l l y   p e r p e n d i c u l a r   d i r e c t i o n s   a r e  
unequal   because of t h e   p r e l o a d e d   t h r e e - f o i l   c o n f i g u r a t i o n .  The s t i f f n e s s e s ,  . 
a s  shown i n  F i g s .  4 1  t o  4 3 ,  a r e  i n s e n s i t i v e  t o  t h e  c h a n g e  o f  a m b i e n t  p r e s s u r e .  
6 . 4 . 2  E f f e c t  o f  Load 
A s  t h e  l o a d  d e c r e a s e s  f r o m  20 pounds t o  1 0  p o u n d s ,  t h e  minumum f i l m  t h i c k n e s s  
f o r   t h e   l o a d e d   f o i l  i s  almost   doubled as i n d i c a t e d   i n   F i g s .   4 4   t o   4 6 .  The 
d e c r e a s e   i n   l o a d   b r i n g s ’ c o n s i d e r a b l e   r e d u c t i o n   i n   s t i f f n e s s e s .  On t h e   o t h e r  
hand ,   t he  power l o s s  i s  much improved. 
The case o f  z e r o - g r a v i t y  o p e r a t i o n  i s  p l o t t e d  i n  F i g s .  4 7  t o  49 f o r  pa = 5 t o  25 
p s i a .   F o r   t h e s e   c a s e s ,  a l l  f o i l s   h a v e   t h e  same f i l m   t h i c k n e s s ,  and  power loss 
i s  t h e  l e a s t  o f  a l l  c a s e s ,  h o w e v e r ,  t h e  u n l o a d e d  f o i l  b e a r i n g  h a s  a ve ry  low 
s t i f f n e s s .  
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6.4.3 E f f e c t  o f  V i s c o s i t y  
Case J ,  F i g .  50, was c o n d u c t e d   f o r   t h e  same c o n d i t i o n s  a s  C a s e  B y  F i g .  42, e x c e p t  
t h a t   h e   v i s c o s i t y  was i n c r e a s e d   t o   8 x 1 0   l b s e c / i n  A s  would   be   xpec ted ,   the  
h i g h e r  v i s c o s i t y  p r o v i d e s  some a d d i t i o n a l  f i l m  t h i c k n e s s  f o r  t h e  l o a d e d  f o i l  
p a d s ,  a s  wel l  a s  a h i g h e r  power loss  f o r  t h e  b e a r i n g .  
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6.4.4 Effec t  of  Thermal  Dif fe ren t ia l  Between Hous ing  and S h a f t  
CasesK  and L a r e  c o n c e r n e d  w i t h  t h e  e f f e c t s  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e  
b e t w e e n   t h e   f o i l  and t h e   s h a f t .  A s  shown i n   F i g s .  51 and 5 2 ,  4 change  of 
600 F i n  t h e  t h e r m a l  d i f f e r e n t i a l  b r i n g s  n e g l i g i b l e  c h a n g e  i n  t h e  p e r f o r m a n c e  
o f   t h e   f o i l   b e a r i n g .  However, l a r g e   t h e r m a l   d i f f e r e n t i a l   d o e s   h a v e  a s t r o n g  
i n f l u e n c e  on t h e  s h a f t  d i s p l a c e m e n t .  
6 .5  Conc lus ions  of t h e  F o i l  J o u r n a l  B e a r i n g  P e r f o r m a n c e  A n a l y s i s  
The f o r e g o i n g  r e s u l t s  l e a d  t o  t h e  f o l l o w i n g  c o n c l u s i o n s :  
a .   B e c a u s e   t h e y   a r e   c o n f o r m a b l e ,   f o i l   b e a r i n g s   p o s s e s s   a n   i n h e r e n t  
a d v a n t a g e  i n  t o l e r a t i n g  t h e  s h a f t  t h e r m a l  c o n i n g  and  crowning. 
This ,   however ,  i s  o b t a i n e d   a t  some c o s t   i n   i n c r e a s e d  power l o s s .  
For   example,   the  power l o s s  o f  t h e  t h r e e - f o i l  b e a r i n g  may be   as   h igh  
a s  t w i c e  o f  t h a t  o f  t h e  t i l t i n g  pad j o u r n a l  b e a r i n g  u n d e r  t h e  same 
o p e r a t i n g   c o n d i t i o n s ,  when h i g h   r a d i a l   s t i f f n e s s  i s  n e c e s s s r y   t o  
p r e v e n t  s i z e a b l e  e x c u s i o n s  o f  t h e  s h a f t  c e n t e r .  
b .  C o m p r e s s i b i l i t y  e f f e c t s  a r e  i m p o r t a n t  i n  t h e  f o i l  b e a r i n g ,   t h e  
c l e a r a n c e  o f  t h e  l o a d e d  f o i l  c a u s i n g  a r e d u c t i o n  i n  t h e  minimum 
f i l m  t h i c k n e s s .  
c .  The t h e r m a l  d i f f e r e n t i a l  h a s  a s t r o n g  i n f l u e n c e  on t h e  d i s p l a c e m e n t  
of t h e  s h a f t  c e n t e r  b u t  h a s  n e g l i g i b l e  i n f l u e n c e  on t h e  f i l m  
t h i c k n e s s .  
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7 .  HIGH TEMPERATURE  THRUST BEARING 
The h e l i c a l  g r o o v e d  t h r u s t  b e a r i n g  was s e l e c t e d  f o r  t h e  d e t a i l e d  a n a l y s i s  i n  t h e  
p r e s e n t  s t u d y ,  b a s e d  o n  t h e  r e s u r t s  o f  t h e  s c r e e n i n g  a n a l y s i s  w h i c h  i s  d e s c r i b e d  
i n   d . e t a i 1   i n   R e f .  1, and  summarized i n  S e c t i o n  2 o f   t h i s   r e p o r t .  The load 
c a p a c i t y  o f  t h e  h e l i c a l  g r o o v e d  b e a r i n g  i s  near ly  independent  of  gas  compress i -  
b i l i t y  e f f e c t s  u p  t o  v e r y  h i g h  v a l u e s  o f  t h e  c o m p r e s s i b i l i t y  p a r a m e t e r  1'- . Thus, 
ove r  a s u b . s t a n t i a 1  p a r t  o f  t h e  o p e r a t i n g  r a n g e  s p e c i f i e d  f o r  t h i s  s t u d y ,  t h e  
h e l i c a l  g r o o v e d  b e a r i n g  was f o u n d  t o  h a v e  h i g h e r  l o a d  c a p a c i t y  t h a n  t h e  o t h e r  
g a s - l u b r i c a t e d  t h r u s t  b e a r i n g  t y p e s  c o n s i d e r e d ,  s u c h  a s  t h e  t i l t i n g  pad t h r u s t  
b e a r i n g .  As w i t h   o t h e r   t h r u s t   b e a r i n g   t y p e s ,   t h a t   c o m p r i s e  a f u l l  a n n u l a r  r i n g ,  
t h e  l o a d  c a p a c i t y  o f  t h e  h e l i c a l  g r o o v e d  b e a r i n g  d o e s ,  h o w e v e r ,  s u f f e r  s i g n i f i c a n t  
l o s s  o f  l o a d  c a p a c i t y  when t h e  t h r u s t  p l a t e  o r  c o l l a r  d i s t o r t ,  a s  i n  t h e  p r e s e n c e  
of t h e r m a l   g r a d i e n t s .   T h u s ,   i n   t h e   p r e s e n t   s t u d y   w h e r e  we a re   conce rned   w i th  
t h r u s t  b e a r i n g s  t h a t  a r e  c a p a b l e  o f  o p e r a t i n g  a t  e l e v a t e d  t e m p e r a t u r e s  w i t h o u t  
c o o l i n g ,  t h e  p r i n c i p a l  e m p h a s i s  was on t h e  e f f e c t s  o f  t h e r m a l  d i s t o r t i o n s  and 
how these   can   be   min imized .  The d e s i g n   s p e c i f i c a t i o n s  f o r  the  study  were  the same 
a s  t h o s e  g i v e n  f o r  t h e  j o u r n a l  b e a r i n g s  i n  S e c t i o n  5.2 o f  t h i s  r e p o r t .  The 
d e s i g n  was made f o r  a d o u b l e  a c t i n g  t h r u s t  b e a r i n g ;  c a p a b l e  o f  o p e r a t i o n  u n d e r  
a x i a l  l o a d s  i n  e i t h e r  d i r e c t i o n .  
7 .1  Thrus t  Bear ing  Dimens ions  
The ma jo r  d imens ions  o f  t he  th rus t  bea r ing  and  the  sp i r a l  g roove  geomet ry  used  
i n  t h e  a n a l y s i s  and c o m p u t a t i o n s  g i v e n  i n  t h i s  s e c t i o n  a r e  a s  f o l l o w s :  
a. O u t s i d e   d i a m e t e r :  4.00  i n c h e s  
b .   I n s i d e   d i a m e t e r :   ? . 2 5   i n c h e s  
c .  Groove  arrangement:   for   inward pumping 
d .  Number of g rooves :  25 
e .  Groove  depth:  .00225 
f .  Groove   w id th   t o   l and   w id th   r a t io :  2 
g .   Groove   t e rmina t ing   r ad ius :   2 .77   i nches  
h .   S p i r a l   a n g l e :  73O 
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7 . 2  Mechanical  Design of  the Bearing 
The d o u b l e   a c t i n g ,  sp i r a l  g r o o v e   t h r u s t   b e a r i n g   a r r a n g e m e n t  i s  i l l u s t r a t e d  i n  
F igs .   53(a)   and   (b) .  A d o u b l e   a c t i n g   b e a r i n g  i s  u s e d   t o  permit  l o a d   c a p a c i t y  
i n  e i t h e r  d i r e c t i o n  o f  l o a d i n g .  T h e  u s e  o f  a d o u b l e  a c t i n g  b e a r i n g  w i t h  
r e l a t i v e l y  small ax ia l  and   p l ay   (o f   t he   o rde r   o f   0 .004" ,  as u s e r '   h e r e ) ,   a l s o  
p rov ides  a h ighe r  and  more n e a r l y  u n i f o r m  a x i a l  s t i f f n e s s ,  as w e l l  as s e r v i n g  
t o   a c c u r a t e l y   p o s i t i o n   t h e   r o t o r   i n   t h e   a x i a l   d i r e c t i o n .   F u r t h e r m o r e ,  as 
d i s c u s s e d   i n   t h e   t h r u s t   b e a r i n g   a n a l y s i s   p r o v i d e d  l a t e r  i n  t h i s  s e c t i o n ,  i t  
a l s o  s e r v e s  t o  r e d u c e  t h e r m a l  d i s t o r t i o n s  of t h e  t h r u s t  c o l l a r .  
To p r o v i d e   f r e e d o m   f o r   s e l f   a l i g n m e n t ,   t h e   t h r u s t  p l a t e s  assembly i s  mounted i n  
a g imba l   f l exure .  The f l e x u r e s ,   f a b r i c a t e d   f r o m  Rene 41 ,  are  s u b j e - t e d   t o   t o r s i o n  
to  p rov ide  the  r equ i r ed  g imba l  mot ion  wi th  a r e s t r a i n i n g  moment of  44 i n c h  - 
l b s  per r a d i a n .   T h i s  i s  abou t  two o rde r s   o f   magn i tude   sma l l e r   t han   t he   angu la r  
s t i f f n e s s  o f  t h e  f l u i d  f i l m  and t h e r e f o r e  a l l o w  t h e  t h r u s t  b e a r i n g  f a r e s  t o  
a l i g n   a c c u r a t e l y   w i t h   t h e   t h r u s t   c o l l a r .   U n d e r   a n g u l a r   m o t i o n s   o f   t h e   o r d e r  
o f  0.003 r a d i a n s ,   t h e   f l e x u r e s   a p p r o a c h   a n   I n f i n i t e   f a t i g u e   l i f e .  The use   o f  
t h e   f l e x u r e s  limits t h e  a x i a l  1oa.d c a p a c i t y   o f   t h e   t h r u s t   s u p p o r t   s t r u c t u r e   t o  
a 400   l b .   capab i l i t y .   Th i s ,   however ,  i s  w e l l  above   t he   t . h rus t   bea r ing   l oad  
r equ i r emen t .  The f l e x u r e   u n i t s   a l s o   s e r v e   t o   t h e r m a l l y   i s o l a t e   { f r o m   t h e   s t a n d -  
p o i n t   o f   h e a t   c o n d u c t . i o n )   t h e   t h r u s t   s t a t o r   a s s e m b l y   f r o m   t h e   h o u s i n g ,   t h u s  
a l l o w i n g  i t  t o  t rack more a c c J r a t e l 7  t h e  r o t o r  t e m p e r a t u r e .  
The  growth  of   the  bore of t h e  Rene 4 1  t h r u s t  r u n n e r  a t  50,000 rpm and  assuming 
a tempera ture  of 1000 F i s  0.0052 i n c h e s   d i a m e t r a l l y .  To f a c i l i t a t e   a s s e m b l y   a n d  
d i sa s sembly   and   t o  limit the   bo re   compress ive  s t r e s s  r e q u i r e d ,   t h e   t h r u s t   r u n n e r  
i s  assembled  with a d i a m e t r a l  i n t e r f e r e n c e o f  0.004 t o  0 .0045  inches on an  in t e rme-  
d i a t e  s p r i n g  member which i s ,  in t u r n ,  a s s e m b l e d  w i t h  a 0.001 t o  0.002 inches  diame- 
t ra l  i n t e r f e r e n c e   t o   t h e   s h a f t .   S q u a r e n e s s   o f   t h e   a s s e m b l y  i s  main ta ined   by   the  
shou lde r  on the   shaf t .   A.n t .1- ro ta t ion   p ins  are added t o   i n s u r e   a g a i n s t .   r o t a t i o n  
o f   t h e   t h r u s t   r u n n e r ,   r e l a t i v e   t o   t h e   s h a f t .  A t  50,000 r p w  and  1000 P t empera tu re ,  
t h e  maximum t a n g e n t i a l  s t r e s s  i n   t h e   r u n n e r   b o r e  i s  72,800 p s i .   T h i s   c o r r e s p o n d s  
t o  a minimum l i f e  of 10,000 h o u r s   w i t h  l ess  t h a n  0 .2% creep. 'The i n t e r f e r e n c e  
be tween   t he   sp r ing  mount  and the  thrust   runner   assembly  accommodates   th . is  c reep .  
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A s  i n d i c a t e d   a b o v e ,   t h e   t h r u s t   r u n n e r  i s  f a b r i c a t e d   f r o m  Rene 4 1   m a t e r i a l .   T h i s  
i s  t o  t a k e  a d v a n t a g e  o f  t h e  h i g h  s t r e n g t h  o f  t h i s  a l l o y  a t  e l e v a t e d  t e m p e r a t u r e s .  
The s t a t i o n a r y  t h r u s t  p l a t e s  a r e  f a b r i c a t e d  f r o m  TZM i n  o r d e r  t o  t a k e  a d v a n t a g e  
o f   t he  low t h e r m a l   e x p a n s i o n   c o e f f i c i e n t  (a) and h igh   t he rma l   conduc t iv i ty   (k )  
of t h i s  a l l o y ,  as we l l  a s  o f  i t s  good h i g h  t e m p e r a t u r e  p r o p e r t i e s  ( i n  an i n e r t  
gas   environment) .  A s  i s  shown l a t e r   i n   t h e   a n a l y s i s   p a r t   o f   t h i s   s e c t i o n ,   t h e  
v a l u e   o f  d e t e r m i n e s   t h e   t h e , r m a l   d i s t o r t i o n   o f  t h e   b e a r i n g   p a r t s .   W i t h   t h e  
low va lue   o f  (ct/k) of TZM, t h e r m a l  d i s t o r t i o n s  o f  t h e  t h r u s t  s t a t o r  a r e  e x t r e m e l y  
s m a l l ,  so t h a t  o n l y  t h e  t h e r m a l  d i s t o r t i o n s  o f  t h e  Rene 4 1  t h r u s t  c o l l a r  n e e d  b e  
c o n s i d e r e d   f r o m   t h e   s t a n d p o i n t   o f   t h e i r   e f f e c t   o n   t h e   b e a r i n g   l o a d   c a p a c i t y .  The 
p r e s e n t  d e s i g n  c a l l s  f o r  a TZM s p a c e r   r i n g   b e t w e e n   t h e   t h r u s t   b e a r i n g   f a c e s .   S i n c e  
t h e  t o t a l  b e a r i n g  c l e a r a n c e  ( a x i a l  e n d  p l a y )  a t  d e s i g n  t e m p e r a t u r e  vi11 depend  on 
t h e  d i f f e r e n t i a l  t h e r m a l  g r o w t h s  b e t w e e n  t h e  Rene 4 1  t h r u s t  c o l l a r  and t h e  TZM 
s p a c e r  r i n g ,  a l l o w a n c e  f o r  t h i s  d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n  h a s  t o  b e  made a t  
assembly.  For a bea r ing   ope ra t ing   t empera tu re   1000  F above  the  assembly  tempera-  
t u r e ,  and  assuming a 0 .5  i n c h e s  t h i c k  t h r u s t  c o l l a r ,  t h e  loss i n  a x i a l  c l e a r a n c e  
i s  0.0025 i n c h e s .  The a x i a l   c l e a r a n c e   a t   t h e   a s s e m b l y   t e m p e r a t u r e   t h u s   h a s  t o  be 
0.0065 i n c h e s  , t o  a c h i e v e  t h e  d e s i r e d  c l e a r a n c e  o f  0 . 0 0 4  i n c h e s  a t  a n  
ope ra t ing   t empera tu re   wh ich  i s  1000 F above  the  assembly  temperature .  
k 
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7 . 3  Thrus t  Bea r ing  Ana lys i s  
The a n a l y s i s  o f  h e l i c a l  g r o o v e d ,  g a s - l u b r i c a t e d  t h r u s t  b e a r i n g  i s  w e l l  e s t a b l i s h e d  
and i s  d e s c r i b e d ,   f o r   e x a m p l e   i n   R e f s .  14 and 15. Us ing   t he   ana lys i s   o f   Re f .  15, 
t h e  n o r m a l i z e d  l o a d  c a p a c i t y  f o r  t h e  b e a r i n g  h a v i n g  t h e  g e o m e t r i c a l  p r o p e r t i e s  
d e f i n e d   a b o v e   ( i n   s e c t i o n  7 . 1 )  was c a l c u l a t e d   a n d  i s  g i v e n   i n   F i g .  54. This  
f i g u r e ,  h o w e v e r ,  n e g l e c t s  t h e  loss  of l o a d  c a p a c i t y  t h a t  o c c u r s  i n  e v e n t  o f  
t h e r m a l   d i s t o r t i o n   o f   t h e   p l a t e s .   R e c e n t l y ,   t h e   a n a l y s i s   o f   h e l i c a l   g r o o v e d  
t h r u s t  b e a r i n g s  was e x t e n d e d  t o  i n c l u d e  t h e  e f f e c t s  o f  t h e r m a l l y  i n d u c e d  d i s -  
t o r t i o n s   o f   t h e   b e a r i n g   s u r f a c e s   ( R e f .  16 ) .  
T h i s  t h e o r y ,  a d a p t e d  t o  t h e  d o u b l e  a c t i n g  t h r u s t  b e a r i n g  o f  i n t e r e s t  h e r e  i s  
b r i e f l y   r e v i e w e d   b e l o w .   T h i s   a n a l y s i s  was u s e d   t o   o b t a i n   t h e   b e a r i n g   p e r f o r m a n c e  
c h a r t s  p r o v i d e d  l a t e r  i n  t h i s  s e c t i o n .  
7 . 3 . 1  Analys is   o f   Thermal ly   Dis tor ted ,   Spi ra l -Grooved ~~~ Thrus t   Bear ing  ~-  . . ~  
The a n a l y s i s  i s  based on t h e  w e l l  known r e l a t i o n  g o v e r n i n g  t h e  s p h e r i c a l  c u r v a t u r e  
produced  by a g i v e n  h e a t  f l u x  i n  t h e  a x i a l  d i r e c t i o n .  A s  i l l u s t r a t e d  i n  t h e  
ske tch  be low,  the  cu rva tu re  p roduced  when  a d i s k  i s  heated  from  one s i d e  by  a 
u n i f o r m   h e a t   f l u x  q" ( h e a t   g e n e r a t e d   p e r   u n i t   a r e a )  i s  given  by:  
where a i s  t h e  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  and k i s  t h e  t h e r m a l  
c o n d u c t i v i t y  e 
TSnT 
R 
The rma l  Di s to r t ion  o f  a T h r u s t  P l a t e  
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I n  a t h r u s t  b e a r i n g ,  t h e  h e a t  f l u x  w i l l  no t  be  uni form,  but  i s  p r o p o r t . i o n a 1  t o  
(W r ) / h .  However, t h e  c u r v a t u r e  p r o d u c e d  by t h i s  n o n - u n i f o r m  h e a t i n g  c a n  b e  
approximated  by  using Eq. (1) i f  o n e   a s s u m e s   t h a t   t h e   h e a t   f l u x  q" i s  t h e  
ave rage   f l ux   ove r   t he   bea r ing   a r ea .   Based  on t h i s   a s s u m p t i o n ,  
2 2  
2 
J n (ro -ri r h o + k  3 
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where f i s  a f r i c t i o n  f a c t o r  t o  a c c o u n t  f o r  r e d u c t i o n  o f  f r i c t i o n  d u e  t o  t h e  
l a r g e r   f i l m   t h i c k n e s s   i n   t h e   g r o o v e s .  f i s  det:ermined by t h e  sp i ra l  groove 
b e a r i n g   a n a l y s i s .   C a r r y i n g   o u t   h e   i n t e g r a t i o n  and s u b s t i t u t i n g   t h e   r e s u l t s  
i n  Eq. (1) a r e l a t i o n   c a n   b e   f o u n d   b e t w e e n   t h e   d i m e n s i o n l e s s   c u r v a t u r e  K 
and t h e  d i s t o r t i o n  p a r a m e t e r  A .  
where 
r 
2 ho R 
2 
K =-  0 
It i s  importan't t o  n o t e  t h a t ,  p h y s i c a l l y ,  t h e  f a c t o r  K r e p r e s e n t s  t h e  r a t i o  of t h e  
amount of n o n - f l a t n e s s  a t  t h e  b e a r i n g  r i m ( i . e .  t h e  c r c w n  h e i g h t  r '/2R) t o  t h e  
minimum f i l m   t h i c k n e s s ,  h o .  Once t h e   g e o m e t r y ,   v e l o c i t y ,  h and t h e   t h e r m a l  
p r o p e r t i e s  a r e  known, t h e  d i s t o r t i o n  p a r a m e t e r  c a n  b e  r e a d i l y  c a l c u l a t e d ,  and 
the  c rown he ight  can  be  found by  us ing  E q .  ( 3 ) .  
0 
0, 
I n  t h e  c a s e  w h e r e  d i s t o r t i o n  o f  t h e  r u n n e r  and s t a t o r  a r e  b o t h  c o n s i d e r e d ,  
E q .  (3)   can s t i l l  b e   u s e d   i f   t h e  a/k i n   t . h e   d i s t o r t i o n   p a r a m e t e r  1s t a k e n   a s  
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To d e t e r m i n e  t h e  l o a d  c a p a c i t y  o f  a d i s t o r t e d  s p i r a l - g r o o v e d  t h r u s t  b e a r i n g ,  t h e  
n u m e r i c a l  s o l u t i o n  o f  t h e  s p i r a l  g r o o v e  b e a r i n g  e q u a t i o n  i s  e x t e n d e d  t o  a r a d i a l l y  
v a r i e d  f i l m  th i ckness .   Th i s   numer i ca l   p rog ram was u s e d   t o   g e n e r a t e   t h e   p e r -  
formance maps o f  t h e  p r e s e n t  d o u b l e - a c t i n g  t h r u s t  b e a r i n g s .  
7 .3 .2  Analys is  of  Double  Act ing  Thrus t  Bear ing  
F o r  t h e  d o u b l e  a c t i n g  t h r u s t  b e a r i n g  shown i n  F i g .  5 3 ( a ) ,  t h e  r e d u c t i o n  o f  l o a d  
due t o  t h e r m a l  d i s t o r t i o n  i s  n o t  as s e v e r e  as t h a t  o f  t h e  s i m p l e  t h r u s t  b e a r i n g  
b e c a u s e   t h e   h e a t  i s  g e n e r a t e d   o n   b o t h   s i d e s   o f   t h e   r u n n e r   a n d   t h e   a x i a l   t h e r m a l  
g r a d i e n t   o f   t h e   r u n n e r  i s  smaller t h a n   t h e   s i n g l e   t h r u s t   c o n f i g u r a t i o n .  The 
a n a l y s i s  o f  t h i s  b e a r i n g  u s e s  t h e  a n a l y s i s  o f  R e f .  1 6 ,  b u t  w i t h  some m o d i f i c a t i o n  
as descr ibed  be low.  
I n  t h e  d o u b l e  a c t i n g  t h r u s t  b e a r i n g ,  t h e  l o a d  a n d  p r e s s u r e  w i l l  b e  a f f e c t e d  by 
t h e r m a l   d i s t o r t i o n s   o f   t h r e e   t y p e s .  The f i r s t  t y p e  i s  d u e   t o   t h e   a x i a l  
t h e r m a l   g r a d i e n t   o f   t h e   s t a t o r .   T h i s   t y p e   o f   t h e r m a l   d i s t o r t i o n  Fs minimized 
b y   t h e   u s e   o f   t h e  molybdenum a l l o y  TZM, € o r  t h e  s t a t o r .  As was shown i n  t h e  
s c r e e n i n g   r e p o r t   ( R e f .  11, the   u se   o f  TZM g i v e s  v e r y  small t h e r m a l  d i s t o r t i o n s  
f o r  a s i n g l e  t h r u s t  p la te  runn ing  a t  50,000 rpm w i t h  a d i a m e t e r  l a r g e r  t h a n  t h a t  
c o n s i d e r e d   i n   t . h e   p r e s e n t   d e s i g n .  The p r e s e n t   s t a t o r   h a s  two s t a t o r   f a c e s   b o l t e d  
t o g e t h e r   w i t h  a s p a c e r .   T h i s   c o n s t r u c t i o n   i n t r o d u c e s   a d d i t i o n a l   r e s t r a i n t   t o  
t h e r m a l   d i s t o r t i o n .   T h u s ,   t h e   t h e r m a l   d i s t o r t i o n   f o r   t h e   p r e s e n t   d o u b l e   a c t i n g  
s t a t o r  made o f  TZM w i l l  have a n e g l i g i b l e  i n f l u e n c e  o n  t h e  b e a r i n g  p e r f o r m a n c e  
and i t  i s  i g n o r e d  i n  t h e  a n a l y s i s .  
The   second  type   o f   thermal   d i s tor t ion  i s  p r o d u c e d   b y   t h e   a x i a l   t h e r m a l   g r a d i e n t  
i n   t h e   r u n n e r .   T h i s   d i s t o r t i o n  i s  s i g n i f i c a n t   f o r  two r e a s o n s :  (1) most   of   the  
h e a t  g e n e r a t e d  i n  b o t h  s i d e s  o f  t h e  t h r u s t  f a c e  w i l l  be   conducted   th rough  the  
r u n n e r ,  (2) and  low a/k type   o f  material such as  TZM c a n   n o t   b e   e a s i l y   u s e d   f o r  
t h e   r u n n e r   b e c a u s e   o f   s t r e n g t h   l i m i t a t i o n s .   T h i s   t y p e   o f   t h e r m a l   d i s t o r t i o n  
i s  a c c o u n t e d  f o r  i n  t h e  a n a l y s i s .  
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The t h i r d  t y p e  o f  t h e r m a l  d i s t o r t i o n  i s  d u e  t o  t h e  r a d i a l  t h e r m a l  g r a d i e n t  i n  
t h e   r u n n e r .  A s  was shown e a r l i e r ,  i n   t h e   t r a n s i e n t   a n d   s t e a d y - s t a t e   t e m p e r a t u r e  
d i s t r i b u t i o n  g i v e n  i n  s e c t i o n  4 of t h i s  r e p o r t ,  t h e  t e m p e r a t u r e  a t  t h e  o u t s i d e  
d i ame te r   o f   t he   runne r  i s  h i g h e r   t h a n   t h a t  a t  t h e   i n s i d e   d i a m e t e r .  The ex- 
pans ion  a t  t h e  o u t s i d e  diameter c a u s e s  a d i s h i n g  e f f e c t  w h i c h  o p p o s e s  t h e  t h e r m a l  
crowning  produced  by  the ax ia l  t h e r m a l   g r a d i e n t  a t  t h e   l o a d e d   f a c e .   T h i s  com- 
p e n s a t i n g  e f f e c t  i s  i n c l u d e d  i n  t h e  c a l c u l a t i o n s .  
To d e t e r m i n e  t h e  t h e r m a l  c r o w n i n g  o f  t h e  r u n n e r  d u e  t o  t h e  a x i a l  t h e r m a l  g r a d i e n t ,  
o n e  c o n s i d e r s  t h a t  t h e  c r o w n e d  s p h e r i c a l  c u r v a t u r e  i s  r e l a t e d  t o  t h e  a v e r a g e  
ax ia l  t h e r m a l  g r a d i e n t  b y  
To re la te  t h e  a x i a l  t h e r m a l  g r a d i e n t  and t h e  h e a t  g e n e r a t i o n  i n  t h e  g a s  f i l m  f o r  
t h e  d o u b l e  a c t i n g  t h r u s t  r u n n e r ,  t h e  f o l l o w i n g  h e a t  b a l a n c e  i s  performed. 
The ske tch  be low show t h a t  t h e  ax ia l  t e m p e r a t u r e  d i s t r i b u t i o n  is r ep resen ted  by  
-t 
I 
a pa rabo la   gove rned   by   t he   t empera tu re  a t  t h e  two s u r f a c e s ,  T and T3, and  the  
c e n t e r   t e m p e r a t u r e ,  T1. Th i s   pa rabo la   can   be   expres sed  as: 
2 
T = T2 + (4T1 - 3T2 - T3) (:I -I- (-4TI + 2T2 + 2T3) (;) 2 2  
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The a v e r a g e  g r a d i e n t  i s :  
aT T3 - T2 
ave.  
= (  d 1 
and 
q" = 8T 
- k  aZ = - k  ( 4T1 - 3T2 - T3) 2 z =O d 
3T  -4T1 + T + 3T3 
q;' = lC 
= k (  2, d :  1 z=d 
S u b s t r a c t i n g  E q .  (8) from E q .  < 9 ) ,  one o b t a i n s  
To o b t a i n   t h e   r e l a t i o n   b e t w e e n   t h e   c u r v a t u r e  and t h e   h e a t   f l u x e s ,  E q .  (11) 
c a n   b e   s u b s t i t u t e d   i n t o  E q .  (5) t o   g i v e  
where 0 = L [ - 3 )  
E q .  (12) shows t h a t   f o r  a d o u b l e   a c t i n g   t h r u s t   b e a r i n g ,   t h e c u r v a t u r e  now 
d e p e n d s   u p o n   t h e   r a t i o   o f   t h e   h e a t   f l u x   a t   t h e  two f a c e s   o f   t h e   b e a r i n g .   N o t e  
f o r  q" q; , t h a t  i s  when t h e   r u n n e r  i s  a t   t h e   m i d d l e   p o s i t i o n ,   t h e   f a c t o r  !2) 
v a n i s h e s  and t h e r e  w i l l  b e   n o g   d i s t o r t i o n .  Now i f   t h e   h e a t   f l o w  i s  p u r e l y   a x i a l ,  
t h e n  q "  = - " and t h e   f a c t o r  0 becomes u n i t y .   T h i s  i s  p r e c i s e l y   t h e   c a s e   o f  a 
s i n g l e  f a c e  t h r u s t  b e a r i n g  w i t h  a p u r e l y  a x i a l  h e a t  f l o w .  
2 
2 
2 q3 
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Eq. (12) also  justifies  the  use of the  Ref. 16 analysis  for  the  double  acting 
thrust  runner  if  the  distortion  parameter  is  redefined  by 
For the  present design, the  nominal  operating  film  thickness  is 0.001 inches 
at  the  loaded  face  and 0.003 inches at the  reverse  side  making  a  total  bearing 
gap of 0.004'' nt the  operating  condition.  Assuming  the  heat  flux  is  propor- 
tional to the inverse of the film thickness, the  value of !d may  be  calculated 
by 
where  ho  is  the  center film thickness of  the  loaded thrust  bearing.  Note 9, 
is 1 / 3  for  ho = 0.001 inches. 
Figure 55 plots  the  curvature K against the  distortion  parameter A.  Once the 
quantities  contained  in  the  distortion  parameter  are known, the  crown  height 
can be  readily  calculated  from  this  figure. 
Figures 56 and 57 plot  the  load  degradation  (i.e.  the  ratio  of  the  thermally 
distorted  load  capacity  to  the  undistorted  load  capacity)  against  the  curvature K 
for two  ambient  pressure and for  various  values of h  /ro.  Comparing  these  two 
figures, it is  seen  that  the  load  degradation  is  not  sensitive  to  the  change  of 
the  ambient  pressure.  The  corresponding  friction  factor  which is  defined as  the 
actual  frictional  power loss divided  by  the Couettepower loss ,  is  plotted on 
Figs. 58 and 59. These  data will be  used to  calculate  the  performance maps 
of the  thermallydistorted  thrust  bearing. 
0 
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7.4.  Sample   Ca lcu la t ion  
The  sample  ca l cu la t ion  i s  f o r  t h e  f o l l o w i n g  g e o m e t r y  a n d  o p e r a t i o n  c o n d i t i o n s .  
r 
0 
r i 
'a 
a 
k 
h O  
N 
I-r 
o u t s i d e  r a d i u s  
i n s i d e  r a d i u s  
ambien t   p re s su re  
c o e f f i c i e n t  of t he rma l  expans ion  
(Rene 41) 
t h e r m a l  c o n d u c t i v i t y  
(Rene 41) 
c e n t e r  f i l m  t h i c k n e s s  of t h e  
loaded   face  
speed 
v i s c o s i t y  
2 i n c h e s  
1 .125   inches  
15 p s i a  
8 . 5  x 10 -6  in. 1 i n .  T 7  
14.5 B/ft-hr-OF. 
0.001 i n c h e s  
50,000 rom 
6 x lo-' l b - s e c / i n .  2 
1. U n d i s t o r t e d  Load Capaci ty   o f   the   Loaded   Thrus t   Face  
F o r  t h e  l o a d e d  t h r u s t  f a c e ,  t h e  f i l m  t h i c k n e s s  t o  g r o o v e  d e p t h  r a t i o  i s  
where   t he   subsc r ip t  3 r e f e r s  t o  t h e  l o a d e d  t h r u s t  f a c e .  
From F ig .   54 :  
[>) = 0.024 
3 
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Thus,  the load capaci ty  of  the loaded thrust  face i s  
3 IJ. 0 (ro -ri ) 
2 2  
(‘0) 3 
= 0.024 x rr(ro -ri ) x 2 2  2 
hO 
= 0.024 X 371 (2 -1.125 ) X 5230 2 2 2  6 x lo-’ 
= 53.4 l b  
2.   Undistorted Load Capacity  of  the  Reverse  Thrust  Face 
For  the  reverse  thrus t  face ,  the  f i lm th ickness  to  groove  depth  ra t io  i s  
(>) = 0.00225 0.003 = 1.33 
where  the  subscript  2 r e f e r s  t o  t h e  r e v e r s e  t h r u s t  f a c e .  From F i g .  54 
[ g2 = 0.0088 
The load  capac i ty  for  the  reverse  thrus t  i s  
(Wo) = 0.0088 x 3n (2’-1.125 ) x 5230 x 2 2  6 x lo-’ 
2 9 x 
= 2.18 l b .  
3 .  Total  Undistorted Load Capacity 
The to t a l  l oad  capac i ty  f o r  the  undis tor ted  double  ac t ing  thrus t  bear ing  i s  
(Wo) = (io) - (sj0) = 53.4 - 2.18 
T 3 
= 51 .6  lb .  
4.  Thermally  Distorted Load Capaci ty  for  the  Loaded Thrust  Face 
a ,   Es t imate   the   d imens ionless   f r ic t ion   fac tor ,  f f rom  F ig .   58 .  
f = 0.81 for  - = .0005 and no d i s t o r t i o n  h O  
0 
b,   Calcu la te   the   fac tor  b 
For hT = 0.0004 and  ho = 0.001, 4 = 1 
53 
c, Determine  the  distortion  parameter 
1 
For f = 0 .81  
= 113 
w = 5230 radlsec. 
r = 2.0 in. 
p = 6 x LO-’ lb/in.  sec. 
k = 14.5 B/€t. hr.’F 
CZ = 8.5 x 10 in/in. F 
0 2 
-6  0 
h 
r 
2 = 0.0005 
0 
2 x 778 
A =  
14.5 
6 x lo”  x (5230 x 2) 13600 x 8.5 x 
x (0 .0005)2  x - 3 0 .81  
= 1.04  
d, Determine  the  dimensionless  curvature K from  Fig. 5 5 .  
For - = 0.005 and A = 1.04,  hO r 
0 
K = 0.46 
e, Determine  the  thermaldishing  due  to  the  radial  thermal  gradient 
For the  double  acting  thrust  runner,  the  outside  radius  is  hotter  than 
the  inside  radius  causing  the  runner  to  dish. The amount of dishing  is 
calculated by 
- ad 
(nh)dishing 
 “ 
2 [(TI r = r 0 - (T) r = ri] 
For  the  present  case 
(T) r = r - (T) r = r = 135 F  (see  Fig. 13 
d = 112, hence 
0 i 
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r 
T h e  e f f e c t i v e  c u r v a t u r e  p r o d u c e d  by d i s h i n g  i s  
- .000287 - - .000287 - - 
d i s h i n g  -(:)z 
= -0.000416 
f .  C o r r e c t  t h e  d i m e n s i o n l e s s  c u r v a t u r e  K f o r  t h e  d i s h i n g .  
2 
K c o r r e c t e d  = 0 . 4 6  -($) - 1 
d i s h i n g  h o  
It i s  s e e n  t h a t  f o r  t h e  l o a d e d  t h r u s t  f a c e ,  t h e  c r o w n i n g  c a u s e d  by t h e  
a x i a l  t h e r m a l  g r a d i e n t  is almost   completely  compensated by the  the rma l  
d i s h i n g  d u e  t o  t h e  r a d i a l  t h e r m a l  g r a d i e n t .  
g .   Determine   the   load   degrada t ion .   The   load   reduct ion   can   be   ob ta ined   f rom 
F i g .  5 6  . 
For 2 - h 
r - 0.0005 and K = 0 .044  
0 
(5) = 0 . 9 2 5  
3 
W3 = (Wo) X 0.925 = 5 3 . 4  x .925 = 4 9 . 5  l b .  
3 
5 .  Therma l ly   D i s to r t ed   Capac i ty   o f   t he   Reve r se   Thrus t   Face  
F o r  t h e  r e v e r s e  t h r u s t  f a c e ,  b o t h  t h e  a x i a l  and r a d i a l  t h e r m a l  g r a d i e n t s  
cause   t he   runne r   f ace   t o   d i sh .   These  two e f f e c t s   a r e   a d d i t i v e s   b o t h  
c o n t r i b u t i n g  t o  r e d u c t i o n  o f  t h e  l o a d  c a p a c i t y .  
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S i n c e  t h e  l o a d  c o n t r i b u t e d  by t h e  r e v e r s e  t h r u s t  f a c e  i s  s m a l l ,  w e  may assume 
t h a t  t h e  t h e r m a l l y  d i s t o r t e d  l o a d  c a p a c i t y  i s  e q u i v a l e n t  t o  t h e  u n d i s t o r t e d  
l o a d  c a p a c i t y  e v a l u a t e d  a t  t h e  mean f i l m  t h i c k n e s s .  . F o r  t h e  p r e s e n t  c a s e ,  
t h e  mean f i l m  i s  , 
= 0.003’’ - 0 .000602  
hmean 2 
= 0 . 0 0 2 7 ”  
The va lue  of  - f o r  h h 
6 mean 
0.0027”  i s  
F i g u r e 5 4   g i v e s  
(A2 = 0 .0102  
Hence 
(W)2 = 0 .0102  x 3 SI ( 2 2  - 1 .125  ) x 5230  x 2 6 x lo-’ 
( 2 . 7 ) 2  x 
= 3.1 l b .  
6. T h e r m a l l y   D i s t o r t e d   T o t a l  Load Capaci ty  
The t o t a l  l o a d  c a p a c i t y  f o r  t h e  t h e r m a l l y  d i s t o r t e d  d o u b l e  a c t i n g  t h r u s t  
bea r ing  i s  
(WIT = (61 ,  - G), = 49.5 - 3.1 
= 4 6 . 4  l b .  
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7 . 5  ~ D i c u s s i o n  o f  P e r f o r m a n c e  Maps 
F i g u r e s  60 t o  6 2  p l o t  t h e  t o t a l  t h r u s t  l o a d  o f  t h e  d o u b l e  a c t i n g  t h r u s t  p l a t e  
a g a i n s t  t h e  minimum f i l m  o f  t h e  l o a d e d  t h r u s t  f a c e ,  h A t  hmin = 0.002 i n c h e s ,  
t h e  t h r u s t  r u n n e r  i s  a t  i t s  m i d - p o s i t i o n  c o r r e s p o n d i n g  t o  t h e  z e r o  l o a d  c o n d i t i o n .  
min' 
A s  was d i s c u s s e d  e a r l i e r ,  t h e  l o a d  c a p a c i t y  i s  a f f ec t ed  by  the  c rowning  due  to  the  
a x i a l  t h e r m a l  g r a d i e n t ,  as we l l  as b y  t h e  d i s h i n g  d u e  t o  t h e  r a d i a l  t h e r m a l  g r a d -  
i e n t .  The   l ower   cu rve   i n   F ig .   60  shows t h a t   c o n s i d e r a b l e   l o a d   c a r r y i n g   c a p a c i t y  
i s  l o s t  when t h e  e f f e c t  o f  c r o w n i n g  d u e  t o  t h e  axial  t h e r m a l  g r a d i e n t  i s  inc luded .  
Now, i f  t h e  e f f e c t  o f  t h e  r a d i a l  t h e r m a l  g r a d i e n t  i n  t h e  r u n n e r  is a l s o  i n c l u d e d ,  
t h i s   l o a d   c a p a c i t y  i s  l a r g e l y   r e c o v e r e d .  The l o a d   c a p a c i t y   c o n s i d e r i n g   b o t h   t h e  
crowning and d i s h i n g   e f f e c t s  i s  i n d i c a t e d  by the   middle   curve  i n  F i g  60. The 
degree   o f   load   compensa t ion  by t h e  d i s h i n g  e f f e c t  c a n  b e  c o n t r o l l e d  by t h e  t h i c k n e s s  
o f   t h e   t h r u s t   r u n n e r .  
It should   be   no ted ,   however ,   tha t   an   overcompensa t ion  w i l l  r e s u l t  i n  loss of  
load   capac i ty   due   t o   d i sh ing   i n s t ead   o f   c rowning .   S imi l a r   t r ends  were a l s o  
foand on the e f f e c t s  of  t h e r m a l  d i s t o r t i b n  on load  c a r r y i n g  c a p a c i t y  
a t  30,000 and 10,000 rpm and   t hey   a r e   p lo t t ed   on   F igs .   61   and  62. 
The s t a t i c  a x i a l  s t i f f n e s s  o b t a i n e d  by g r a p h i c a l  d i f f e r e n t i a t i o n  o f  t h e  l o a d  
c u r v e s  are  shown i n  F i g s ,  6 3  t o  65 f o r  s p e e d s  a t  50,000, 30,000 and 10,000 rpm. 
The   cor responding  power l o s s e s ,  a s  c a l c u l a t e d  b y  t h e  p r o c e d u r e  i n d i c a t e d  i n  
t h e  sample c a l c u l a t i o n ,  are p l o t t e d   i n   F i g s .   6 6   a n d  6 7 .  
Although  the  performance maps g i v e n  i n  t h i s  s e c t i o n  are f o r   a n   a m b i e n t   p r e s s u r e  
of 15 p s i a ,  t hey  are e q u a l l y  a p p l i c a b l e  t o  o t h e r  a m b i e n t  p r e s s u r e s  i n  t h e  r a n g e  
of 5 t o  25 psia s i n c e ,  as shown i n  F i g s .  5 4 ,  56  and 5 7 ,  t h e   l o a d   c a p a c i t y  
and t h e  l o a d  c a p a c i t y  d e g r a d a t i o n  d u e  t o  t h e r m a l  d i s t o r t i o n s  are n o t   i n f l u e n c e d  
b y  t h e  a m b i e n t  p r e s s u r e ,  w i t h i n  t h e  o p e r a t i n g  r a n g e  o f  i n t e r e s t  h e r e .  
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F o r   v i s c o s i t i e s   o t h e r   t h a n  6 x 1 0   l b - s e c / i n .  , t h e   l o a d ,   s t i f f n e s s ,   a n d  power 
l o s s  c a n  b e  c a l c u l a t e d  f r o m  t h e s e  c u r v e s  by  assuming tha t  they  are d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  v i s c o s i t y .  
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7.4 Conc lus ions  o f  t he  Thrus t  Bea r ing  Ana lys i s  
a .  The minimum f i l m  t h i c k n e s s  o f  a d o u b l e - a c t i n g  s p i r a l - g r o o v e  t h r u s t  b e a r i n g  
i s  s t r o n g l y  a f f e c t e d  b y  t h e r m a l  d i s t o r t i o n s  f r o m  two o r i g i n s :  
1. The a x i a l  t h e r m a l  g r a d i e n t  r e s u l t i n g  f r o m  t h e  d i f f e r e n c e  b e t w e e n  
h e a t   g e n e r a t e d   a t   t h e   l o a d e d   a n d   t h e   r e v e r s e   t h r u s t   f a c e s ;  and 
2 .  The r a d i a l  t h e r m a l  g r a d i e n t  r e s u l t i n g  f r o m  t h e  r a d i a l l y  
inward  heat   f low.  
A t  t h e  l o a d e d  t h r u s t  f a c e ,  t h e  a x i a l  t h e r m a l  g r a d i e n t  c a u s e s  a crowning 
w h i c h  r e d u c e s  t h e  g a s  f i l m  t h i c k n e s s ,  b u t  t h i s  r e d u c t i o n  i s  compensated 
b y  t h e  d i s h i n g  r e s u l t e d  f r o m  t h e  d i f f e r e n c e  i n  t h e  a x i a l  g r o w t h  d u e  t o  
t h e  r a d i a l  t h e r m a l  g r a d i e n t .  
By d e s i g n i n g  t h e  t h i c k n e s s  of t h e  t h r u s t  r u n n e r  a t  0.5 i n c h  f o r  t h e  case 
c o n s i d e r e d  h e r e ,  i t  was f o u n d  t h a t  t h e  l o s s  o f  g a s  f i l m  d u e  t o  t h e  c r o w n i n g  
i s  l a r g e l y  r e c o v e r e d  by t h e  d i s h i n g  a c t i o n  d u e  t o  t h e  r a d i a l  t h e r m a l  
g r a d i e n t  o v e r  t h e  1 0 , 0 0 0  t o  50,000 rpm speed  range .  
A t  50,000 rpm and  0.001’’ f i l m  t h i c k n e s s ,  t h e  u n d i s t o r t e d  s p i r a l  g r o o v e  t h e o r y  
p r e d i c t s  a t o t a l  t h r u s t  l o a d  of 5 2  l b .   I f   t h e   c r o w n i n g   d u e   t o   t h e   a x i a l   t h e r -  
ma l   g rad ien t  i s  cons ide red   a lone ,   t he   l oad   dec reases   f rom 5 2  l b  t o  30 l b  f o r  
a minimum f i lm   th i ckness   o f   0 .001   i nch .   Wi th   t he   compensa t ion   f rom  the   d i sh -  
i n g  d u e  t o  t h e  r a d i a l  t e m p e r a t u r e  g r a d i e n t ,  t h e  l o a d  c l i m b s  b a c k  t o  47 l b  
which i s  on ly  a s l i g h t  r e d u c t i o n  f r o m  t h e  u n d i s t o r t e d  l o a d  c a p a c i t y .  
b .  From t h e  s t a n d p o i n t  o f  power loss, t h e  t h e r m a l  d i s t o r t i o n  p r o d u c e s  some re- 
d u c t i o n   i n  power loss .  I n   a l l   c a s e s   c o n s i d e r e d ,  i t  was f o u n d   t h a t   t h e r e  was 
a s l i g h t  r e d u c t i o n  i n  f r i c t i o n a l  h o r s e p o w e r  l o s s  when the  thermal  c rowning  was 
cons ide red   unde r   t he  same l o a d .  
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TABLE 1 
INPUT DATA F.OR TILTING PAD  JOURNAL  BEARING RUNS 
Case Des igna t ion   Load   Pre load  C/RxlO Pa CL 
3 L t 
D D 
- - 
l b s  l b s  inches . Reyns 
~. "" .. -~ 
" "~ " ~~ . " ~- ~ . Psla  - ~ 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
20.0 
20.0 
20.0 
10.0 
10.0 
0 
20 
20.0 
20.0 
20.0 
0 
12.0 
12.0 
12.0 
12.0 
12.0 
12.0 
12.0 
12.0 
20.0 
20.0 
20.0 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
1.5 
3.5 
2 . 5  
2.5 
15.0 
25.0 
5.0 
15.0 
25.0 
15 .O 
15.0 
15.0 
1s .o 
15.0 
15.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
8.0 
6.0 
6.0 
6.0 
6.0 
1.0 0.05 
1.0 0.05 
1.0  .05 
1.0  0.05 
1.0 0.05 
1.0 0.05 
1.0 0.05 
1.0  0.05 
1.0 0.05 
1.0  0.05 
1.0 0.05 
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TABLE 2 
INPUT  DATA  FOR  FOIL  JOURNAL  BEARING  RUNS 
1 
Case  Lo d  Preload Pa P - D Foil Thickness lbs lbs Reyns inch Thousing-oTshaft F 
~~ 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
20.0 
20.0 
20.0 
10.0 
10.0 
10.0 
0 
0 
0 
20.0 
8.0 
8 . 0  
8 . 0  
8.0 
8.0 
8 . 0  
8.0 
8.0 
8.0 
8.0 
5.0 
15.0 
25.0 
5.0 
15.0 
25 .O 
5.0 
15.0 
25 . 0 
15 .O 
6.0 
6.0 
6 .0  
6 .0  
6.0 
6 .0  
6.0 
6.0 
6.0 
8.0 
1.0 
1.0 
1.0 
1.0 
1 . 0  
1 . 0  
1 . 0  
1.0 
1 . 0  
1.0 
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0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
200.0 
200.0 
200.0 
200 0 
200.0 
200.0 
200.0 
200.0 
200.0 
200.0 
APPENDIX A 
Trans ien t  The rma l  Ana lys i s  o f  a Simplf ied Rotor-Bearing System 
NOMENCLATURE  FOR  APPENDIX A 
C h e a t   c a p a c i t y ,  BTU/lb-OF 
hly  h3 f i l m  t h i c k n e s s ,  i n c h e s  
f i l m  c o e f f i c i e n t ,  BTU/in xsecx°F hB 
2 
k conduct ivi ty ,   BTU/inxsecx°F 
9 h e a t   f l u x ,  BTU/sec 
r1’r2 
‘3 
r , x   c o o r d i n a t e s ,   i n c h e s  
s h a f t  i n n e r  a n d  o u t . e r  r a d i i ,  i n c h e s  
b e a r i n g  o u t s i d e  r a d i u s ,  i n c h e s  
t h i c k n e s s ,   i n c h e s  
T T T T t e m p e r a t u r e ,  F 0 1’ 2’ CY’ f3 
U t a n g e n t i a l   v e l o c i t y ,   i n / s e c  
P d e n s i t y ,   l b s / i n  
I- t ime,   seconds 
CI v i s c o s i t y ,   l b s e c l i n  
0 a n g u l a r   v e l o c i t y ,   r a d i a n s l s e c o n d  
3 
2 
Super sc r ip t s   and   Subsc r ip t s   (A ,B ,C ,D,E ,F ,G)   deno te   t he   ro to r   s ec t ions  as 
d e f i n e d  i n  F i g u r e  8 (a)  
61 
A .  Governing  Equat ions 
F i g u r e  8 (a)  shows t h a t  t h e  s i m p l i f i e d  r o t o r - b e a r i n g  c o n f i g u r a t i o n  may be   d iv ided  
i n t o  a number o f  s e c t i o n s .  I n  S e c t i o n s  A and G, t h e  h e a t  f l o w  i s  assumed t o  
b e   o n e - d i m e n s i o n a l   i n   t h e   r a d i a l   d i r e c t i o n .  A t  e a c h   g r i d   p o i n t ,   a c c o u n t s  are 
made for  t h e   h e a t   c o n v e c t e d  a t  b o t h  f a c e s  o f  t h e  d i s k .  I n  S e c t i o n s  B y  D 
and   F ,   the   hea t   f low i s  assumed t o  b e  o n e - d i m e n s i o n a l  i n  t h e  ax ia l  d i r e c t i o n .  
A g a i n ,  t h e  h e a t  c o n v e c t i o n  o n  b o t h  s i d e s  of  t h e  c y l i n d r i c a l  s u r f a c e s  are 
accounted a t  e a c h   g r i d   p o i n t .   I n   S e c t i o n s  C and E ,  t h e   o n e - d i m e s i o n a l   a x i a l  
h e a t f l o w  i s  c o n s i d e r e d  f o r  t h e  s h a f t  a s  wel l  as f o r   t h e   b e a r i n g   s l e e v e .  The 
hea t  f l ow be tween  the  sha f t  and  bea r ing  s l eeves  i s  by   conduct ion   th rough  the  
g a s   f i l m .   I n   S e c t i o n  H,  t h e   r a d i a l   h e t a   f l o w  i s  assumed f o r   t h e   t h r u s t  
runner   and   the  two t h r u s t   s t a t o r s   o n   e a c h   s i d e   o f   t h e   r u n n e r .  The c o n v e c t i v e  
b o u n d a r i e s  a r e  c o n s i d e r e d  a t  t h e  o u s t i d e  f a c e  o f  t h e  s t a t o r .  
The  gove rn ing  equa t ions  fo r  each  success ive  sec t ion  are der ived   be low.  
S e c t i o n  A 
rAl T1 
, I c e n t e r l i n e  +B , r 
T h e  e q u a t i o n  g o v e r n i n g  t h e  r a d i a l  h e a t  t r a n s f e r  f o r  t h e  S e c t i o n  A i s  
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The boundary  condi t ions  a t  r = r 
A is 
a t r  = r  B Y  
S e c t i o n  B 
x=xA TB x=xB 
I I -  X 4 
Ra 
1 -  
B r . 
\ B  
The h e a t  c o n d u c t i o n  e q u a t i o n  g o v e r n i n g  t h e  i n t e r i o r  p o i n t s  i s  
where rB = ( r2  + r ) x 0.5 
rn B 
Boundary  condi t ions  for  Sec t  ion  B .  
A t  x = x t h e   b o u n d a r y   c o n d i t i o n  i s  t h e  same a s  t h a t  f o r  S e c t i o n  A a t  r = r 
A t  x = x t h e   b o u n d a r y   c o n d i t i o n  i s  t h e  same a s  t h a t  a t  x = x f o r   S e c t i o n  C .  
A ’  B ’  
B’ B 
S e c t   i o n  C 
The h e a t  c o n d u c t i o n  e q u a t i o n  g o v e r n i n g  t h e  i n t e r i o r  i s  as f o l l o w s .  
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I 
2 r  C 
i 
I 
+ 2h 1 (-[ (-) - [-Ic [-)[y) / 
The  boundary   condi t ions  a t  x = x are B 
k: 
A t  x = x t h e   b o u n d a r y   c o n d i t i o n s  are C” 
- k; (s)= hB C (T2 - TB) C 
S e c t   i o n  D 
The gove rn ing  equa t ion  o f  t h e  i n t e r i o r  p a i n t s  is t h e  same a s  S e c t i o n  B ;  t h e  
boundary   cond i t ion  a t  x = x i s  g i v e n   i n   S e c t i o n  C ;  and   the   boundary  C 
c o n d i t i o n  a t  x = x i s  t h e  same as t h a t  a t  x = x . D B 
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S e c t i o n  E 
The t r e a t m e n t  f o r  S e c t i o n  E i s  i d e n t i c a l  t o  t h a t  f o r  S e c t i o n  C-. 
S e c t i o n  F 
The t r e a t m e n t  o f  t h e  i n t e r i o r  p o i n t s  o f  t h i s  s e c t L o n  i s  t h e  same a s  t h a t  f o r  
S e c t i o n  D excep t  a t  x = x t he   boundary   cond i t ion  i s  g i v e n  i n  S e c t i o n  G. F' 
S e c t i o n  G 
The t r e a t m e n t  o f  t h e  i n t e r i o r  p o i n t s  o f  t h i s  s e c t i o n  i s  t h e  same as t h a t  o f  
S e c t i o n  A .  The  boundary  condi t ion a t  r = r1 i s  
where Ta i s  the   compresso r   d i sk   t empera tu re .  The  boundary  condi t ion a t  
r = r i s  g i v e n   i n   S e c t i o n  H .  
G 
g 
S e c t i o n  H 
The e q u a t i o n  g o v e r n i n g  t h e  i n t e r i o r  p o i n t s  o f  t h i s  s e c t i o n  a r e  
T 
 
r'rh 
Ta 
r=r 
i 
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H H 
- (&] (y) - (&) (T2-Tp) 
The boundary  cond i t ions  a t  1: = rg are 
The boundary c o n d i t i o n s  a t  r 
= rh are 
J 
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Sec t ion  P 
The temperature a t  the  outs ide  d iameter  o f  t h e  s t a t o r  i s  determined by the  
fol lowing gross  hea t  ba lance  o f  t h e  s e c t i o n  shown above. 
T3 J P  - T2Jp = 0 
where 
4 1  
= (TIJH - T Jp)  25r t r h 
1 1 h Y  
J P  
ky 2n rh t3 
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q5 + q8 + q9 = (T2 TP - Tu) H ha [n(r:-r;) + 215 r4 (tl+t2+t3) J 
Ca lcu la t ion  o f  Enc losu re  Tempera tu re  
The  ambien t  t empera tu re  in  the  enc losu re  i s  c a l c u l a t e d  f r o m  t h e  g r o s s  h e a t  
b a l a n c e  b e t w e e n  t h e  t o t a l  h e a t  r e l e a s e d  t o  t h e  e n c l o s u r e  f r o m  a l l  exposed 
f a c i n g s   a n d   t h e   h e a t   a b s o r b e d   b y   t h e   g a s   i n   t h e   e n c l o s u r e .   T h i s   c o n s i d e r a -  
t i o n  g i v e s  t h e  f o l l o w i n g  e q u a t i o n .  
h (Ts-TE) dA = aTE 
pgcg " a-[ 
where 
TS = t e m p e r a t u r e  of  t h e   x p o s e d   s u r f a c e  
TE = e n c l o s u r e   t e m p e r a t u r e  
= d e n s i t y  o f  t h e  g a s  i n  t h e  e n c l o s u r e  
C = s p e c i f i c   g r a v i t y   o f   t h e   g a s   i n   t h e   e n c l o s u r e  
g 
V = volume  of  the   enc losure  
Numer ica l  Solu t ion  
A p p r o x i m a t i n g  t h e  d e r i v a t i v e s  i n  t h e  a b o v e  g o v e r n i n g  e q u a t i o n s  b y  t h e i r  
i m p l i c i t - t y p e ,   f i n i t e   d i f f e r e n c e   e q u i v a l e n t s ,  E q s .  (1) to (18) can 
b e  p u t  i n t o  t h e  f o l l o w i n g  m a t r i x  f o r m .  
A {T} j + B  {T} ' - ' + C  (T} j+' = D 
where (.) ' ' r e p r e s e n t s  a co lumn  of   th ree   t empera tures  a t  t h e  j t h  g r i d  
p o i n t .  T i e  g r i d  p o i n t  b e g i n s  a t  t h e  o u t s i d e  d i a m e t e r  o f  t h e  t u r b i n e  d i s k  
a n d   e n d s   a t   t h e   o u t s i d e   d i a m e t e r   o f   t h e   t h r u s t   s t a t o r .   E q u a t i o n  (19) 
can   be   r ead i ly   so lved   by   t he   me thod   desc r ibed   i n   Re f .   19 .   t o   y i e ld   t r ans i en t  
t empera tu res  a t  each  time i n t e r v a l .   B e t w e e n   t h e   s u c c e s s i v e  time i n t e r v a l s ,  
t h e  e n c l o s u r e  t e m p e r a t u r e  i s  c a l c u l a t e d  b y  E q .  (18). 
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APPENDIX B 
PERFORMANCE OF DISTORTED TILTING PADS 
NOMENCLATURE for   Appendix 'B 
BP 
BM 
BR 
C' 
C '  
c R  
d 
D 
d imens ion le s s  
d imens ion le s s  
p i t c h  i n e r t i a  of 
mass parameter 
- paR4 - ~ = d i m e n s i o n l e s s   r o l l   i n e r t i a   o f  pad 
" - " d imens ion le s s   r ad ia l   p ivo t   mo t ion  
c R  
= r ad ia l  d i sp l acemen t  o f  p ivo t  po in t  f rom the  pos i t i on  in  wh ich  
t h e  u n d i s t o r t e d  pad and s h a f t  a r e  c o n c e n t r i c  w i t h  X = y = 0, inches  
= r e f e r e n c e  c l e a r a n c e  ( a r b i t r a r y )  , i nches  
= d i s t a n c e   f r o m   p i v o t   p o i n t   t o  pad s u r f a c e ,  i n c h e s  
- " = d imens ion le s s   p ivo t - su r face   d i s t ance  R 
G (2) = l o c a l   r a d i a l   t e m p e r a t u r e   g r a d i e n t   o f  pad, F l i n c h  
0 
h (Q,Z)= l o c a l   f i l m   c l e a r a n c e ,   i n c h e s  
H - = d imens ion le s s   l oca l   c ea rance  " 
cR 
I = moment o f  i n e r t i a   o f  pad a b o u t   p i v o t e d   p i t c h   a x i s ,   i n . l b . s e c  
2 
P 
= moment o f  i n e r t i a  o f  pad a b o u t  p i v o t e d  r o l l  a x i s ,  i n . l b . s e c  
2 
I R  
N = number o f   pads   i n  a b e a r i n g  
P = l o c a l   f i l m   p r e s s u r e ,  p s i a  
'a 
P = p / p   d i m e n s i o n l e s s   l o c a l   f i m   p r e s s u r e  
pL 
= ambien t   p re s su re ,   p s i a  
a 
l oad  - - d imens ion le s s   l oad  "- 
I PaRos 
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Rs(z) = d i s t o r t e d   s h a f t   r a d i u s  , i n c h e s  
R = u n d i s t o r t e d   p a d   r a d i u s   i n c h e s  
= u n d i s t o r t e d   s h a f t   r a d i u s   i n c h e s  
O P  
t = t i m e  , seconds 
T = t? = dimens ionless  t ime 
Tp(z) = l o c a l  r a d i a l  mean of  pad t empera tu re  , F 
Ts(z) = t e m p e r a t u r e   o f   s h a f t  F 
w3 (z) = pad r i b   t h e r m a l   d i s t o r t i o n   i n c h e s  
R 
0 
0 
XYY 
2 
Z 
P 
a 
P 
Y 
r 
6 
a 
e 
A 
= s h a f t  c e n t e r  c o o r d i n a t e s  w i t h  r e s p e c t  t o  non  moving f r a m e ,  i n c h e s  
- " z d i m e n s i o n l e s s  a x i a l  c o o r d i n a t e  
z 
R = -E d i m e n s i o n l e s s  a x i a l  p i v o t  p o s i t i o n  
= c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  o f  s h a f t  , 1/OF 
= coe f f i c i en t  o f  t he rma l  expans ion  o f  pads  , 1/OF 
= p i t c h  a n g l e  ( p o s i t i v e  i f  i t  i n c r e a s e s  l e a d i n g  e d g e  c l e a r a n c e ) ,  r a d i a n s  
" - zR = dimens ionless  p i tch  angle  
LR 
r o l l  a n g l e  ( p o s i t i v e  i f  i t  i n c r e a s e  t h e  c l e a r a n c e  i n  t h e  + z - d i r e c t i o n  
f rom the  p ivot  po in t )  , r a d i a n s  
6R - d i m e n s i o n l e s s  r o l l  a n g l e  "
cR 
angular   coordinate   mel : .ured From -hi y - a x i s   i n   t h e   d i r e c t i o n  
o f  s h a f t  r o t a t i o n  , r a d i a n s  
" 
Pa c2 
- d imens ion le s s   bea r ing  number 
R n 
l u b r i c a n t   v i s c o s i t y ,   l b . s e c / i n  L 
angular   coord ina te   measured   f rom  the   p ivot   po in t   aga ins t   the  
d i r e c t i o n  o f  s h a f t  r o t a t i o n  
PH 
s h a f t   a n g u l a r   v e l o c i t y   r a d i a n s / s e c o n d  
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7- 
" 
ANALYTICAL  APPROACH 
Due t o  t h e  i n h e r e n t  p r o m i s e  o f  t h e  t i l t i n g  pad c o n f i g u r a t i o n  as a h igh  t empera tu re  
a p p l i c a t i o n  b e a r i n g ;  i t  was deemed d e s i r a b l e  t o  a n a l y z e  i t s  performance  by a method 
s u f f i c i e n t l y  v e r s a t i l e  t o  accommodate   both  s teady-state   and  dynamic  operat ion.  
T h i s  g o a l  c o u l d  b e  a c h i e v e d  b y  e c o n o m i c a l l y  u t i l i z i n g  a newly developed technique 
w h i c h  s o l v e s  t h e  time t r a n s i e n t  R e y n o l d s  e q u a t i o n  w i t h  a s u b s t a n t i a l  s a v i n g  i n  
computer   t ime  compared   wi th   p rev ious ly   ava i lab le   methods .   Then ,   bo th   the   dynamic  
b e h a v i o r  a n d  t h e  s t e a d y  s t a t e  p e r f o r m a n c e  c h a r t s  c a n  be ob ta ined  by  runn ing  a s i n g l e  
r o u t i n e  t h u s  a f f o r d i n g  an  e f f i c i e n t  u s e  o f  manpower  and funds.   Another   advantage 
o f f e r e d  b y  t h e  u s e  o f  time t r a n s i e n t  a p p r o a c h e s  i n  o b t a i n i n g  s t e a d y  s t a t e  i n f o r m a -  
t i o n  i s  t h a t   r u n n i n g   s p e e d s ,   l u b r i c a n t   v i s c o s i t y ,   p i v o t   p o s i t i o n   a n d   l o a d  are t h e  
i m p o s e d  p a r a m e t e r s  a n d  t h e  p a d  a t t i t u d e  a n d  f i l m  c o n f i g u r a t i o n  are t h e  r e s u l t s  
t h u s  o b v i a t i n g  t h e  n e e d  o f  b u l i d n g  g e n e r a l  f i e l d  maps t o  i s o l a t e  t h e  p e r f o r m a n c e  
o f  a c o n f i g u r a t i o n   w i t h   s p e c i f i e d   p i v o t   p o s i t i o n .  The l a t t e r  problem i s  common 
w i t h  m o s t  a p p r o a c h e s  f o r  s o l v i n g  t h e  s t e a d y  s t a t e  R e y n o l d s  e q u a t i o n  by s p e c i f y i n g  
t h e  f i l m  t h l c k n e s s  d i s t r i b u t i o n  a n d  r u n n i n g  c o n d i t i o n s  and e v a l u a t i n g  t h e  r e s u l t -  
i ng   l oad   and  i t s  a t t i t u d e .  
The genera l   purpose   o f   the   p rogram was twofold :  a) g iven   t he   sha f t   and  pad  tem- 
p e r a t u r e   d i s t r i b u t i o n s ,   e v a l u a t e   t h e i r   s h a p e s ;   b )   g i v e n   t h e   s h a f t  and pad 
s h p a e s ,   t h e   l o a d ,   t h e   s p e e d ,   t h e   p i v o t   p o s i t i o n   a n d   t h e   v i s c o s i t y ,   e v a l u a t e  
t h e  r u n n i n g  c l e a r a n c e  d i s t r i b u t i o n .  
The a n a l y s i s  was c a r r i e d  o u t  f o r  a s i n g l e  pad b e c a u s e  i n  a b e a r i n g  w i t h  N p a d s  
o f   e q u a l   d i m e n s i o n s ,   s y m m e t r i c a l l y   l o c a t e d   w i t h   r e s p e c t   t o   t h e   l o a d   l i n e ,   a n d  
when ( N - 2 )  pad have a s p e c i f i e d   p r e l o a d ,   t h e   e x t e r n a l   s h a f t   l o a d   c o m p l e t e l y  
d e t e r m i n e s  t h e  l o a d  s u p p o r t e d  b y  e a c h  p a d .  
The r e s u l t i n g  r o u t i n e  c a n  t h e n  b e  u s e d  f o r  t h r e e  b a s i c  tasks: 1) a n a l y z e  t h e  
s t e a d y  s ta te  per formance   of   each  p a d ;  2) analyze  the  dynamic  behavior   of   each 
pad.; 3) be  made p a r t  o f  a l a rge r  p rogram which  ca l cu la t e s  t he  pe r fo rmance  o f  a 
g e n e r a l  N pad b e a r i n g .   D e t a i l e d   a n a l y s i s   f o r   t h e   s i n g l e  pad as w e l l  a s   f o r   t h e  
mul t ipad   per formance  are g i v e n  i n  t h e  f o l l o w i n g  p a r t s  of   th i s   ALpendix .  
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SINGLE PAD ANALYSIS 
The fo l lowing  i s  a d e s c r i p t i o n  o f  t h e  s i n g l e  pad ana lys i s . .  
a )   Thermal   d i s tor t ion  
The a n a l y s i s  o f  t h e  t h e r m a l  d i s t o r t i o n  p r o b l e m  f o r  b o t h  t h e  s h a f t  a n d  t h e  
pad was 5erformed making use of some approximations which are consonant  wi th  
the  scope  of   the  present   work.  The s h a f t  i s  cons ide red   t o   have  a p u r e l y  
a x i a l  t e m p e r a t u r e  d i s t r i b u t i o n  w h i c h  makes i t s r a d i u s  v a r y  by thermal expan- 
s i o n  dGe t o  t h q  l o c a l  v a l u e  o f  t h e  t e m p e r a t u r e  ( a s  i f  t h e  s h a f t  were c u t  i n t o  
a n  a x i a l  s e r i e s  o f  t h i n  c i r c u l a r  d i s k s ) .  
The  pads a r e  c o n s i d e r e d  a s  a n  a s y m m e t r i c a l  r i b  c a g e  w h e r e  a n  a x i a l l y  o r i e n t e d  
beam th rough  the  p ivo t  po in t  i s  the  sp ine  and  many c i r c u m f e r e n t i a l  beams 
a r e   t h e   r i b s   ( w h i c h   a r e   r i g i d l y   a t t a c h e d   t o   t h e   s p i n e ) .  The temperature   pro-  
f i l e  i s  cons ide red  to  be  g iven  by  the  supe rpos i t i on  of  a p u r e l y  a x i a l  d i s t r i -  
b u t i o n   a n d   a n   a x i a l l y   v a r y i n g   r a d i a l   t e m p e r a t u r e   g r a d i e n t .  Then  the d f s -  
t o r t i o n  i s  d u e   t o   t h r e e   f a c t o r s :  1) change i n   r a d i u s   o f   e a c h   r i b   d u e   t o  
l o c a l  mean tempera ture  
2) change i n  r a d i u s  o f  e a c h  r i b  due t o  t h e  l o c a l  r a d i a l  t e m p e r a t u r e  
g r a d i e n t .   U s i n g   t h i n  beam a n a l y s i s :  
I ( A R ~ )  (z) = ‘i a R2 G (z) 
P O P  
3) d i s t o r t i o n  o f  t h e  s p i n e  due  to radial  tempera ture   . rad ien t  
d i s t r i b u t i o n   w i t h   c o n s e q u e n t   t r a n s l a t i o n   o f   t h e   r i b s .  The 
l o c a l  d e f l e c t i o n  i s  governed  by 
d 2w3 
2 d z  
” - - ap G ( z )  
with  the  boundary  condi t ions :  
”- 
w3 - dz dw3 - 0 a t  z = z ( p i v o t   p o i n t )  P 
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s i n c e  t h e  r a d i a l  p i v o t  t r a n s l a t i o n  and  pad r o l l  m o t i o n  a r e  s p e c i f i e d  e l s e w h e r e .  
Equat ion  (4) c a n  b e  e a s i l y  i n t e g r a t e d  n u m e r i c a l l y .  
b) Film  and  pad  dynamics 
From t h e  r e s u l t s  o f  t h e  p r e v i o u s  s e c t i o n  and the  nomencla ture  in t roduced  
by Fig .  B.l, t h e  f i l m  d i s t r i b u t i o n  ( i n c l u d i n g  t h e  e f f e c t s  o f  s h a f t  m o t i o n ,  
pad p i t c h ,  pad r o l l ,  and  pad r a d i a l  m o t i o d i s  
h = R - Rs ( z )  + (&$) (2) (l-cosCp) + (m2) (2) (l-cosCp) + 
OP 
+ w3 (2) coscp + X s i n e  + y cos8 + 
C '  cosCp + Y (d  + R ) s i n 9  + 6 ( z  - zP) O O S ~  
OP 
where C' = r a d i a l   p i v o t   m o t i o n  
y = p i t c h   a n g l e  (+ t o   i n c r e a s e  h a t   l e a d i n g  edge) 
6 = r o l l   m o t i o n  (+ t o   i n c r e a s e  h i n   t h e  +z d i r e c t i o n )  
Q s h a f t  r o t a t i o n  
S h a f t  
c e n t e r  
F i g .  B-1 Pad Pos i t i on   Schemat i c  
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Pad s u r f a c e  
I 
The dynamics of  t h e  s y s t e m  p r o d u c e  v a r i a t i o n s  i n  t h e  r i g i d  b o d y  m o t i o n  v a r i a b l e s  
of the  pad C' , 7, 6 ( a l s o  x , y  f o r  c a s e s  i n  w h i c h  t h e  s h a f t  d y n a m i c s  a r e  i n c l u d e d ) .  
The f i l m  dynamics  and  pad  dynamics a re  coup led  and  the  r e spec t ive  equa t ions  a re  
so lved  by a s t e p  by s tep  i n t e g r a t i o n  f o r w a r d  i n  time. 
The f i l m  e q u a t i o n  i s  ( i n  d i m e n s i o n l e s s  form) 
1 
where Jr = PH 
R = R  
os 
The 
The 
dynamics  equat ions  are   ( in   dimensionless   form) 
7 = % [ /I (P-1) coscp dZ de - PL] d2 C' 
dT. 
- = Bp II (P -1) (Dt-1) sincp dZ d e  d 
dT2 
- d;Ln = BR JI (P-1)  (Z-Zp) coscp dZ de 
dT2 
( 9 )  
s o l u t i o n  o f  E q .  (6) i s  performed i n  s e q u e n t i a l  t i m e  s t e p s  by the   t echnique  
9r 
presen ted  i n  Ref.  B . l .  A t  each   t ime  s tep   equat ions  (7) (8) and (9)  u t i l i z e  
the  loads  and moments i n  t h e i r  r i g h t - h a n d - s i d e s  t o  p r o d u c e  a change i n  v e l o c i t y  
and p o s i t i o n  o f  t he   t h ree   deg rees  of  freedom c ' ,  and A. 
dC ' dl? da 
dT T h u s ,  s t a r t i n g  from scme i n i t i a l  c o n d i t i o n s  i n  C '  , -, r, E, A, and - y  
* Ref. B . 1  C a s t e l l i ,  V. and  C.H.Stevenson, A Semi-implicit   NLGerical  Method "- 
f o r  T r e a t i n g  t h e  Time Tra : l s i en t  Gas L u b r i c a t i o n  E q u a t i o n , "  MTI Report  67TR14. 
74 
I 
and P, the  transient  is  calculated  to  give  dynamic  characteristics and  the steady- 
state  running  condition (if  stable).When  the steady-state  position  only  is  desired, 
the  possibility of long  transients  is  eliminated  by  imposing an external  damper 
in the equations  of motion, i.e. adding  a  term  proportional  to - , and - dC ' dh dT  dT 
in  the  Equations ( 7 ) ,  (8) and  (9)respecfively. 
Multi-pad  Analysis 
"" Load .~ Distributions ~ . of  Fixed  Pads 
In a  preloaded  N-pad  journal bearing, only  two  pads  are  fixed and  the rest of 
the  pads  are  preloaded  by  specified  loads, Wi. Thus, the  external  shaft  load 
vector  completely  determines  the load  exerted  upon  each  fixed  pad. 
Designating  numbers  1 and 2 to  the  fixed  pads,  and  denoting W and 4 as  the external 
load  and  attitude angle,  the  load  exerted  on  the  fixed  pads, W1 and  W,,can  be 
determined  from  the  equilibrium  condition and expressed  in  the  following  matrix 
form : 
where  i = 3 , 4  . . .  N and 
cos0 C O S 0 ,  '' = [sinQl sinQi 1 1 - 
:_;". . . .. - . 2 .  Film Thickness  Distributions  for  Each Pad 
Knowing  the  load  exerted  upon  each  pad,  the  single  pad  analysis  described  in  the 
preceding  section can be  used  to determine  the  attitude and  film  thickness distri- 
butions  for  each pad with or without  tne  thermal  distortion. 
3-,_-Re~q~ating ~~~ Frequency ~ Ratios 
If  the pad is  allowed to  pitch withou;  radial  translation of  the  pivot  or roll 
motion, the  resonating  frequency  in  the  pitch  mode  is  governed by, 
w =  
P 6 P 
where cu = pitch resonating frequency, rad/sec. 
P 
P 2 
P 
k = angular stiffness in the pitch direction, in.lb/rad 
I = mass moment of inertia  in  the  pitch  direction,lb.in.sec 
where AM is 
frequency to 
P 
N =  
P 
or 
a  small change of  pitch  moment. The  ratio  of the  pitch  resonating 
the running  frequency  becomes 
CD 
2 
n 
fk, N 
E 
m 
where k = p a ~ 4  A7 - 
P 
Likewise, the roll resonating  frequency  ratio  can be expressed  as 
- 'R % 
paR 
where k = 7 A~ 
R 
The mass  moment  of  inertia of each pad  is calculated  according to the  expression 
given  in  Ref. 3 of the main  text.for  tilting  pads. 
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I 
For   t he   p re loaded   pads ,  i t  i s  a l s o  d e s i r a b l e  t o  know t h e  r e s o n a t i n g  f r e q u e n c y  
r a t i o  i n  t h e  r a d i a l  t r a n s l a t o r y  mode. T h i s  r a t i o  i s  c a l c u l a t e d   i n   t h e  same 
manner as f o r   t h e   p i t c h   a n d   r o l l   d r e c t i o n .  However, f o r   t h e   f o u r - p a d   b e a r i n g  
c o n s i d e r e d . i n  t h i s  r e p o r t ,  i t  was f o u n d  t h a t  t h e  f r e q u e n c y  r a t i o  i n  t h e  r a d i a l  
mode i s  c o n s i d e r a b l y   h i g h e r   t h a n   t h e   f r e q u e n c y   r a t i o   i n   t h e   p i t c h  mode. T h e r e f o r e ,  
i f  t h e  pad  responds we l l  t o  t h e  s h a f t  m o t i o n  i n  t h e  p i t c h  d i r e c t i o n ,  i t  should 
t r a c k  e v e n  m o r e  s a t i s f a c t o r i l y  i n  t h e  r a d i a l  mode. 
4 . -  R a d i a l  ~- S t i f f n e s s  .. ~... of   the   Mul t i -pad   Bear in% 
By c a l c u l a t i n g  t h e  c h a n g e  i n  d i s p l a c e m e n t  i n  x and y d i r e c t i o n s  f o r  a small change 
o f  l o a d  i n  e a c h  d i r e c t i o n ,  o n e  c a n  r e a d i l y  d e t e r m i n e  t h e  d i r e c t  a n d  c r o s s -  
c o u p l i n g   s t i f f n e s s  of a mul t i -pad   j ou rna l   bea r ing .   However ,   fo r   t he   fou r rpad  
c o n f i g u r a t i o n  t h e  s t i f f n e s s  i s  t h e  same i n  a l l  d i r e c t i o n s ,  and i t  i s  o b t a i n e d  
by d e t e r m i n i n g  t h e  c h a n g e  i n  r a d i a l  d i s p l a c e m e n t  f o r  a small i n c r e a s e  i n  t h e  
l o a d .  The r a d i a l   s t i f f n e s s   c u r v e s   p r e s e n t e d   e a r l i e r  are c a l c u l a t e d  by t h i s  
procedure .  
5 .  Power Loss 
The f r i c t i o n a l  t o r q u e  due t o  t h e  C o u e t t e  f l o w  f o r  e a c h  pad  can  be  expressed as  
+ -  L 
2 Q I  
Tc =I1 R2 dQ  dz 
" 
L O  
L 
A -  L 
The f r i c t i o n a l  compnnent  due t o  t h e  P o i s e u i l l e  f l o w  f o r  e a c h  pad 
W (Rid) - - 2 (1+D) 
TP - 2 Y = w PaR 2 'R 
where W i s  t h e  pad l o a d .  
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P h e  t o t a l  f r i c t i o n a l  t o r q u e  f o r  a l l  p a d s  c a n  b e  summed as 
T = f (Tc + Tp)i 
i=l 
and   t he   f r i c t iona l   hosepower  is 
FHP = - T!J 6600 
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APPENDIX C 
ANALYSIS  OF  MULTI-FOIL  JOURNAL BEARING 
NOMENCLATURE 
W1 - Load on t h e   f i x e d   f o i l  i ll ,  l b .  
W2 - Load o n   t h e   f i x e d   f o i l  # 2 ,  l b .  
W - T o t a l   l o a d  , l b .  
Wx, Wy - Components  of  load W a l o n g  x and y d i r e c t i o n .  
N - No. o f   f o i l s  
C M a t r i x   d e f i n e d   i n  Eq. (2 )  
i - Index  of foil. 
- Load a n g l e  o f  f o i l  # l  (see F i g .  C - l ) ,  deg.  
G2 - Load a n g l e   o f   f o i l  # 2  ( s e e   F i g .  C - l ) ,  deg.  
UJ - A t t i t u d e   a n g l e ,   d e g .  (see F i g .  C - 1 ) .  
Ti 
b .  - Width  of  .i. 'th f o i l ,   i n .  
pi - Wrap a n g l e  of i ' t h   f o i l ,   d e g .   ( s e e   F i g .  C - 2 ) .  
Li 
- U n i t   t e n s i o n   o f   i ' t h   f o i l ,   l b / i n .  
1 
- The d i s t ance   be tween  two t e r m i n a l s   o f   t h e   i ' t h   f o i l ,  
( s e e   F i g .   c - 2 ) ,  i n .  
R - Length of t h e   i ' t h   f o i l ,   i n .   ( s e e   F i g .   C - 2 ) .  
- R a d i u s   o f   t h e   i ' t h   f o i l ,   i n .   ( s e e   F i g .   C - 2 ) .  
- C e n t e r   d i s t a n c e   o f   t h e   i ' t h   f o i l ,   i n .   ( s e e   F i g .   C - 2 ) .  
i 
Ri 
'i 
AFi - T e m p e r a t u r e   d i f f e r e n t i a l   o f   t h e   i ' t h   f o i l ,   b e t w e e n   t h e   o p e r a t i o n  
c o n d i t i o n   a n d   t h e   i n i t i a l   c o n d i t i o n ,   F .  0 
- I n i t i a l   e n g t h   o f   t h e   i ' t h   f o i l ,   i n .  o i  
ai - C o e f f i c i e n t   o f   t h e r m a l   e x p a n s i o n  of  t h e   i ' t h   f o i l ,   i n / i n . -   F .  0 
- Young ' s   modu lus   o f   t he   i ' t h   fo i l ,   l b / in .  
- T h i c k n e s s  o f  t h e  i ' t h  f o i l ,  i n .  
- Mean f i l m  h e i g h t  o f  t h e i ' t h  f o i l ,  i n .  
Ei 
ti 
hi 
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~ . . ._  ..__ . . . . 
U - Journal  speed  in/sec.  
- Ambient pressure,  PSIA pa 
1.1. - V i s c o s i t y ,   l b - s e c / i n .  
Hi - Defined  in Eq. (g).. 
S l y  S, - Defined i n  Eq. (11) .  
G 1 ,  G p Y  Gg - Defined  in Eq. (13 ) .  
p l ,  p, - Defined  in Eq. ( l S ) . .  
Q,, Q, - Defined  in E q .  ( 7 ) .  
x ,  y - Coordiriater, inchcr 
L 
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A .  Load D i s t r i b u t i o n  o n  E a c h  F o i l  
F i g u r e  C-1 shows the  schemat i c s  o f  a m u l t i - f o i l  j o u r n a l  b e a r i n g  i n  w h i c h  t h e  s h a f t  
i s  suppor ted   by  a number of t h i n  t a p e s .  Two f o i l s  are c o n s i d e r e d   t o   b e   f i x e d ,  
and are d e s i g n a t e d  as numbers 1 and 2 w i t h  t h e  f o i l  p o s i t i o n  a n g l e  8 and e2 .  
T h e  r e m a i n i n g  f o i l s  a r e  c o n s i d e r e d  t o  b e  p r e l o a d e d  f o i l s  h a v i n g  s p e c i f i e d  l o a d s .  
1 
Denote W and 0 as the   l oad   and  i t s  a t t i t u d e   a n g l e   ( s e e   F i g .  C - 1 ) .  The load  
on t h e  f i x e d  f o i l s  1 and 2 are e x p r e s s e d  as W1 and W2 and they  can  be  de te rmined  
f r o m   t h e   e q u i l i b r i u m   c o n d i t i o n .   T h u s ,  
f N  
where i = 3 , 4  .... N and 
- PI :> 
-. B .  c _ _ ~  Uni t   Tens ion  (peq--u-n-it w id th )   i n   Each  F o i l  
Once t h e   l o a ?   o n   e a c h   i n d i v i d u a l   f o i l  i s  f o u n d ,   t h e   f o i l   t e n s i o n   c a n  be 
e s t a b l i s h e d   f r o m   t h e   f o i l   g e o m e t r y   ( F i g .  C-2) .  
Under   the   equi l ibr ium,   one   has  
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Fig. C - 1  Schematic of a Multi-Foil Journa l  Bearing 
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F i g .  C - 2  Geometry of a Typical  F o i l  
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' 
Where Ti = u n i t  t e n s i o n  p e r  u n i t  o f  w i d t h ,  l b / i n .  
pi = wrap   ang le  
b = w i d t h   o f   o i l ,   i n .  
i 
C. Geomet r i ca l   Re la t ionsh ip   Be tween   Fo i l   Leng th ,  Wrap Ang le ,   Cen te r   D i s t ance  
a n d  t h e  B e a r i n a  R a d i u s  
From F i g .  C-2, o n e  o b t a i n s  
- a] 2 = Yi + R c o s y  
i 
L. 
2 
p i  'i cos - 2 + Ri s i n  
where L = A D ,  t h e   d i s t a n c e   b e t w e e n   t h e  two t e r m i n a l s  of a t a p e  (see F i g .  2), i n .  
i 
'i 
= I n d i v i d u a l  t a p e  l e n g t h ,  i n .  
Ri = R a d i u s  o f  f o i l  b e a r i n g ,  i n .  
D. Length of  F o i l  Under   S t r e t ch ing  and. Hea,ting 
Where a = i n i t i a l   l e n g t h  of t h e   f o i l .  
o i  
i 
G! = c o e f f i c i e n t   o f   t h e r m a l   e x p a n s i o n ,   i n / i n -   F .  
Ei = Young's  modulus o f  e a c h   i n d i v i d u a l   t a p e ,   l b / i n .  
ti 
0 
= t h i c k n e s s  of e a c h  i n d i v i d u a l  t a p e ,  i n .  
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EL Rad ius  o f  Fo i l  Bea r ing  Under  Hea t ing  ,and Loadinn 
Ri = Ro (1 + cyi A Fi> + hi 
where Ro = I n i t i a l   r a d i u s   o f   j o u r n a l ,   i n .  
hi = Mean f i l m  h e i g h t  o f  e a c h  f o i l ,  i n .  
F. Mean F i l m   H e i g h t   o f   F o i l  
From Ref. 13, o n e  c a n  o b t a i n  t h e  n o m i n a l  f i l m  t h i c k n e s s e s  of t h e  f o i l  t o  b e  
where Hi i s  a f u n c t i o n  o f  t h e  f o i l  s t i f f n e s s  i n  bending  and  the  compres 's-  
i b i l i t y  number d e f i n e d  as 
Ti A =  Pa Ro ( 1  + ai A Fi> 
From t h e   d a t a   p u b l i s h e d   i n   R e f .  13, one  can  deduct  H as a n   e m p i r i c a l  
e x p r e s s i o n   i n  terms o f  H and A. The e x p r e s s i o n  i s  * 
i 
i 
* 
Hi 
f o i l ,  Hi i s  e q u a l   t o  0 .643 .  T h i s   v a l u e  i s  u s e d   i n   t h i s   r e p o r t .  
i s  a f u n c t i o n  of t h e  f o i l  s t i f f n e s s  i n  b e n d i n g .  F o r  a p e r f e c t l y  f l e x i b l e  * 
G. The Re la t ionsh ip   Be tween  Load a n d   J o u r n a l   C e n t e r   o f   E a c h   I n d i v i d u a l   F o i l  
From E w s .  ( 3 ) ,  ( 4 ) ,  (6), (8), and (9)  o n e   c a n   e x p r e s s   t h e   v a r i a t i o n   o f  
AYiy c h a n g e  o f  j o u r n a l  c e n t e r ,  i n  terms of AWi, c h a n g e   o f   l o a d   € o r   e a c h   f o i l ,  
as f o l l o w s :  
D i f f e r e n t i a t i n g ,  Ews .  (3) and (6), one   has  
d Ai 
" - SldWi + S2 d 'i - 2 2 
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i (1 + ai A Ft) 
'i 2 b. sin 7 
where S1 = 
2Ei ti X 
1 
Differentiating E q .  ( 4 ) ,  ppe has 
where G2 -(*; cos - 
B, 
G1 = -G2 sin - 2 1 
Differentiating E q .  (5),, one has: 
d? 'i = P1 d (T) 'i + P2 dRi 
where P1 = COS Bi / (  2 'i - Ri 2 2 sin - 
hi where Q, = - [l - $ A (.008h - .344) 
3 T. b . s i 7  Bi 3 
1 1  
B, 
Q, = - Q, Wi cot - 2 I 
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F i n a l l y ,   e l i m i n a t i n g  dR ai 
(1-6), one   can   expres s  dW i n  
i s  "2 
i 
G. 
and d5 from E q s .  (lo),  (12) ,  <14) and 
terms of  dY 
2 
1' 
H. The S t i f f n e s s  Components   of   Foi ls  1 and 2 
The s k e t c h   b e l o w   s h o w s   t h e   j o u f n r l   p o s i t i o n   a f t e r  i t  i r  d i s p l a c e d  from the o r i g i n  
o f   t h e   c o o r d i n a t e s .  T h e   g e o m e t r i c   r e l a t i o n  i e  
Cen te r  
o f  b e a r i n g  
x e- 
Y 
Ske. tch  of  the  Geometr ic  Rela t ion  of t h e  B e a r i n g  
and  Journa l  Center 
x s i n  0 + y cos 8 = -y i ,  i = 1 , 2  i 
D i f f e r e n t i a t i n g  Eq. (19 ) ,  one  has  
s i n  8 dx + cos 8 dy = -dY 
i i i 420) 
The s t i f f n e s s  c o m p o n e n t s  c a n  b e  o b t a i n e d  b y  d i f f e r e n t i a t i o n  o f  t h e  t o t a l  l o a d  w i t h  
r e s p e c t  t o  t h e  c o o r d i n a t e s .  
From Eq. ( l ) ,  w e  can  ob ta in  the  componen t s  o f  W i n  t h e  x and y d i r e c t i o n s ,  i . e .  
' W  and W r e s p e c t i v e l y .   W r i t i n g  W, and Wi i n  terms of  W we have: 
X Y i 
87 
N 
w = -w c o s  B, -w c o s  e 2 - w cos  8, Y 1 2 i .  
3 
N - 
W = -W1 s i n  0 -W2 s i n  e2- 
X 1 1 wi s i n  ei 
3 
- dWX = -  2 2 dW1 s i n  el + - dW2 s i n  e2 
Y t  - dW1 cos 2 e + - 2. dW2 s i n  e2 
dx dY1 dY2 
dW 
1 dY dY1 dY2 
- = ”  dWX 1 dW1 
Y E ”  dWX 
dY 2 dY1 
sin202 
dW 
dx dY J 
dWi - 
dYi 
are c a l c u l a t e d  a c c o r d i n g  t o  E q .  (18) 
I. Method of   Computat ion 
T h e  g i v e n  q u a n t i t i e s  f o r  a f o i l  b e a r i n g  d e s i g n  a re :  
W, g, biy Li, ai, Mi’ Ei,  t R . It i s  s e e n   t h a t  1 and @. are i m p l i c i t l y  
e x p r e s s e d   i n  Eqs .  ( 4 ) ,  (5), (6) and’ (8). An i t e r a t i v e   p r o c e d u r e  is 
a d o p t e d   t o   s o l v e   f o r  1 and $ by f i r s t   g u e s s i n g  @. a t  no   t he rma l   g rad ien t   and  
t e n s i o n .   A f t e r   t h e   c o r r e c t e d   v a l u e s  of 1. and $ are f o u n d   t h e   f l u i d   f i l m   t h i c k -  
n e s s   a n d   t h e   s t i f f n e s s   c o m p o n e n t s  are r e a d i l y   d e t e r m i n e d   f r o m  E q s .  (8) and (23). 
i’ o . i 1 
i i’ 1 
1 i 
r e s p e c t i v e l y  . 
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Fig .  53(a)  Sec t iona l  View of the  Flexibly-Mounted  Thrust  Bearing 
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